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Abstract 
 
The Requirements and Implementation of Dynamically-Deployed 
Robotic Systems for Use in Confined, Hazardous Environments 
 
Joseph Anthony Hashem, M.S.E 
The University of Texas at Austin, 2012 
 
Supervisor:  Sheldon Landsberger 
Co-Supervisor: Mitchell Pryor 
 
This report discusses the design and operation of dynamically-deployed robotic 
systems for use in confined, hazardous environments, such as those found in Department 
of Energy gloveboxes to handle nuclear material while keeping humans at a safe distance. 
The Department of Energy faces unique technical and operational challenges to automate 
glovebox operations. These operations share characteristics such as confined spaces, 
extremely harsh environmental conditions, simplified field serviceability, and portability. 
Human-scale uncertainty must be tolerated since many glovebox tasks require 
manipulation of objects whose positions are not predefined and vary in unpredictable 
ways due to external factors including humans in the loop, interactions with preexisting 
systems, and completing experimental (as opposed to manufacturing tasks) where the 
final state of handled objects may not be known. Completion of automated tasks is much 
more difficult without any a priori knowledge of the item to be handled. 
 vii 
This effort will examine both the software and hardware requirements and 
technical challenges associated with this domain. The examined hardware testbeds 
include two seven degree-of-freedom glovebox manipulators (5 kg payload each) in a 
dual-arm configuration deployed via gloveports as well as a similar but larger (10 kg 
payload) manipulator deployed via a transfer port. Several critical operational capabilities 
are demonstrated, including deployment, collision detection, manipulation, trajectory 
generation, tele-manipulation, and calibration. 
Implementing automation within the confines of a glovebox is far from trivial. 
The unique environmental and system requirements include confined operating spaces, 
pre-existing, fixed environments, difficulties when performing complex maintenance and 
repair, and unconventional workspace envelopes. Many glovebox processes are still 
experimental, so flexible robotic systems are necessary to test and perfect process 
methodologies while keeping humans at a safe distance. The need for a gloveport-
deployed robotic system that can be easily inserted and removed from an existing 
glovebox stems from these set of challenges. 
Port-deployed systems allow the operators to move away from hazards while 
allowing them to return when (or if) necessary. Ultimately, port-deployed manipulators 
provide a flexible and reversible approach for increasing the use of automation in 
glovebox environments, without significant redesign of existing processes or the 
environment where they occur. 
 viii 
Table of Contents 
List of Tables ....................................................................................................... xiii 
List of Figures ...................................................................................................... xiv 
Chapter One:  Introduction ..................................................................................1 
1.1. Objectives for PDM Automation ...........................................................5 
1.2. Working in Radioactive Environments ..................................................5 
1.2.1. Dose Minimization Principles..............................................8 
1.2.2. Glovebox Environment ........................................................8 
1.2.3. Plutonium Background ......................................................10 
1.2.4. Risks from Glovebox Operations.......................................11 
1.3. Threshold Analysis: Is a PDM Necessary? ..........................................13 
1.3.1. Tele-Operation ...................................................................15 
1.3.2. Fixed Automation ..............................................................16 
1.3.3. Flexible Automation ..........................................................17 
1.3.4. Hybrid Solution ..................................................................17 
1.4. Challenges and Requirements For PDM Implementation ...................18 
1.4.1. Sleeve Design and Implementation ...................................18 
1.4.2. Deployment and Extraction Procedures .............................21 
1.4.3. Workspace Analysis and Simulation .................................22 
1.4.4. Peripheral Integration.........................................................24 
1.4.5. PDM Calibration ................................................................24 
1.4.6. Collision Detection ............................................................25 
1.4.7. Failure Recovery ................................................................25 
1.4.8. Safety Requirements ..........................................................26 
1.4.9. Human-Robotic Interaction Protocols ...............................27 
1.4.10. Long-Term Radiation Exposure Analysis for Sleeved PDMs
 ............................................................................................29 
1.4.11. Operational Testing and Preparation .................................29 
1.5. Review of Dual-Arm Systems and Glovebox Automation..................29 
 ix 
1.5.1. Existing Dual-Arm Systems ..............................................32 
1.5.2. Existing Glovebox Automation .........................................35 
1.6. Important Terms and Definitions .........................................................37 
1.7. Scope and Objective of Research ........................................................41 
1.7.1. Scope ..................................................................................41 
1.7.2. Building on Previous Work at RRG and NRG ..................41 
1.7.3. Objective ............................................................................42 
1.8. Organization of the Report...................................................................43 
Chapter Two:  Literature Review ......................................................................46 
2.1. Robots in Hazardous Environments.....................................................46 
2.2. Reducing Radiation Dose Received by Robots ...................................47 
2.3. Design Methodology: Decision Matrix ...............................................47 
2.4. Retrofitting a PDM to a Pre-Existing Glovebox ..................................48 
2.5. Calibration............................................................................................50 
2.5.1. Errors in the Robot Zero Position ......................................50 
2.5.2. Trauma Pod Calibration .....................................................50 
2.5.2.1. Trauma Pod Calibration Software ...............................55 
2.5.2.2. Trauma Pod Calibration Analysis ...............................59 
2.5.3. Calibration Techniques for Mobile Manipulators ..............60 
2.5.4. Rotating Points Using Rotation Matrices ..........................62 
2.5.5. Calibration of Vision and Force/Torque Sensors ...............63 
2.5.5.1. Pseudo Inverse Approach for Calibration ...................63 
2.5.5.2. Neural Network Approach for Calibration..................64 
2.5.6. Tool Tip Calibration ..........................................................64 
2.5.7. Robot Metrology ................................................................65 
2.5.7.1. Indoor GPS Metrology System ...................................66 
2.6. Collision Detection ..............................................................................68 
2.6.1. Geometric Modeling for Performing Collision Detection .69 
2.6.2. Trauma Pod Collision Detection ........................................70 
2.7. Motion Planning...................................................................................72 
 x 
2.8. Literature Review Summary ................................................................73 
Chapter Three:  PDM Calibration .....................................................................75 
3.1. Calibration Principle ............................................................................76 
3.2. Calibration Techniques ........................................................................77 
3.2.1. Calibration in Design .........................................................77 
3.2.2. Point Calibration Tool........................................................78 
3.2.3. Calibration in Configuration ..............................................79 
3.2.4. Calibration with Fixture .....................................................82 
3.2.5. Calibration with Vision ......................................................83 
3.2.5.1. Tele-operate EEF to Kinect .........................................84 
3.2.5.2. Identifying Three Points on Gripper Using Depth 
Information to Find Base to Camera Transformation ........85 
3.2.5.3. Identifying Two Points on Gripper .............................90 
3.2.5.4. Visual Servoing ...........................................................93 
3.3. Force/Torque Sensor Calibration .........................................................95 
3.4. Problem Formulation ...........................................................................97 
3.4.1. Experimental Setup ............................................................97 
3.5. Calibration Results ...............................................................................98 
3.6. Chapter Summary ..............................................................................103 
Chapter Four:  Mechanical and Safety Requirements ...................................105 
4.1. Sleeve Design.....................................................................................105 
4.1.1. Sleeve Attenuation ...........................................................105 
4.1.1.1. Photon Attenuation in Glovebox Gloves: Introduction...
  ...................................................................................106 
4.1.1.2. Photon Attenuation in Glovebox Gloves: Experimental 
Setup ................................................................................106 
4.1.1.3. Photon Attenuation in Glovebox Gloves: Results.....107 
4.1.1.4. Photon Attenuation in Glovebox Gloves: Conclusion ....
  ...................................................................................110 
4.2. Light Curtains ....................................................................................111 
4.3. Stand Stability ....................................................................................112 
 xi 
4.4. Potential Radiation Hazards ...............................................................113 
4.5. Other Safety Issues ............................................................................115 
4.6. Hardware for Co-Robotics .................................................................115 
4.7. Conclusion .........................................................................................116 
Chapter Five:  Implementation and Demonstrations .....................................118 
5.1. PDM Systems.....................................................................................118 
5.1.1. Single Manipulator through a Transfer Port ....................118 
5.1.2. Dual Manipulators through Gloveports ...........................120 
5.2. Code Development Using RLxI3 & Kinematix.................................123 
5.3. Demonstrations ..................................................................................125 
5.3.1. Collision Detection ..........................................................125 
5.3.2. Calibration........................................................................131 
5.3.2.1. Calibration with Vision .............................................131 
5.3.2.2. Calibration with Force/Torque Sensor ......................133 
5.3.3. Sensing and World Modeling ..........................................135 
5.3.4. Motion Planning...............................................................137 
5.3.5. Stand Design ....................................................................146 
5.3.6. Grasping Strategies ..........................................................147 
5.4. Applications .......................................................................................148 
5.4.1. Material Reduction...........................................................149 
5.4.2. Sealing/Unsealing Canisters ............................................151 
5.4.3. Plutonium Slump Casting Furnace ..................................153 
5.4.3.1. Task Analysis ............................................................156 
5.5. Chapter Summary ..............................................................................158 
Chapter Six:  Conclusions and Future Work ..................................................159 
6.1. Review of Research Objectives .........................................................159 
6.2. Conclusions ........................................................................................161 
6.2.1. Capabilities of PDM Relative to LANL’s Current Systems ..
 ..........................................................................................161 
6.2.2. Technology Readiness Levels ..........................................163 
 xii 
6.3. Future Work .......................................................................................165 
6.3.1. Future IRAD Testbed Work.............................................166 
6.3.2. Further Analysis of Glovebox Processes .........................168 
References ............................................................................................................170 
Vita .....................................................................................................................179 
 xiii 
List of Tables 
Table 1-1. Decision Analysis: Application Options and Requirements ................15 
Table 1-2. Comparison of Modern Research and Industrial Manipulators ...........31 
Table 1-3. Summary of Requirements for PDM Deployment for Nuclear Material 
Handling ............................................................................................43 
Table 3-1. Rated (Full-Scale) Loads ......................................................................82 
Table 3-2. Measurement Uncertainty (95% Confidence Level, Percent of Full-Scale 
Load) .................................................................................................82 
Table 3-3. Calibration Accuracy Data .................................................................102 
Table 4-1. K Absorption Edges for Glove Materials [Cournoyer, 2010a] ..........110 
Table 5-1. Kinect Depth Vision Data from SIA5D Pick-and-Place PDM Task ..145 
Table 5-2. Hybrid Approach Steps: PDM interacting with Micro-Punch Design .....
.........................................................................................................150 
Table 5-3. Pu Slump Casting Design Options .....................................................157 
Table 5-4. Summary of Requirements for PDM Deployment: Hardware Tasks 
Completed .......................................................................................158 
Table 6-1. IRAD System Operational Safety Framework ...................................160 
Table 6-2. Technology Readiness Levels Summary [Mankins, 1995] ................163 
 xiv 
List of Figures 
Figure 1-1. Typical LANL Glovebox Train [Cournoyer, 2010] ..............................6 
Figure 1-2. INL Glovebox [Walsh, 2007] ...............................................................7 
Figure 1-3. Autonomy Spectrum for Robotic Systems for Given Environmental and 
Task Structures [O’Neil, 2010] ...........................................................9 
Figure 1-4. LANL First Aid Injuries/Illnesses Types Pareto Chart [Cournoyer, 2011]
...........................................................................................................12 
Figure 1-5. Glass Size Reduction Task: (a) Size Reduction Operation/Method, (b) 
Size-Reduced Glass Column [Cournoyer, 2010b] ............................13 
Figure 1-6. Breach of the Bag [Cournoyer, 2010b] ...............................................13 
Figure 1-7. Operator Using a Tele-manipulator Inside a Hot Cell [Central Research 
Laboratories, 2011] ...........................................................................16 
Figure 1-8. Certainty Analysis/Spectrum for Deciding Between Fixed and Flexible 
Solutions ...........................................................................................18 
Figure 1-9. Sleeved Master-Slave Robotic System [Bazlen, 2004] .......................21 
Figure 1-10. Wheeled Adjustable PDM Stand ......................................................22 
Figure 1-11. Dual-Arm Glovebox Simulation [Williams, 2010] ...........................23 
Figure 1-12. Anthropomorphic Dual-Arm Systems: (a) Shibuya CellPro [Shibuya, 
2012], (b) ABB’s FRIDA [ABB, 2012], (c) Kawada’s NEXTAGE 
[KAWADA, 2010], (d) Motoman’s SDAxx [Yaskawa, 2011], (e) NASA 
and GM’s R2 [NASA, 2012], (f) Kuka/DLR System(s) [KUKA, 2012]
...........................................................................................................33 
Figure 1-13. Varied Approach to Automation in Gloveboxes: (a) Shibuya CellPro 
[Shibuya, 2012], (b) ARIES, DOE [Turner, 2008] ...........................37 
 xv 
Figure 2-1. The Actual Trauma Pod Hardware [Knoll, 2007] ...............................51 
Figure 2-2. The Trauma Pod Simulated Workcell [Giem, 2006] ..........................51 
Figure 2-3. TAS Holding Tool [Knoll, 2007] ........................................................53 
Figure 2-4. SNS at the Beginning of SRS Tool Change Operation [Knoll, 2007] ....
...........................................................................................................54 
Figure 2-5. SNS Split Gripper [Knoll, 2007] .........................................................54 
Figure 2-6. Calibration Lugs in Trauma Pod [Knoll, 2007] ..................................55 
Figure 2-7. TRS [Knoll, 2007] ...............................................................................56 
Figure 2-8. SDS [Knoll, 2007] ...............................................................................58 
Figure 2-9. General Principle of Mobile Manipulator Workstation Calibration, 
Divided in a Setup and Operation Phase [Hvilshøj et al., 2010] ......60 
Figure 2-10. Tip Prediction for a Screwdriver and Hammer [Kemp, 2006] ..........65 
Figure 2-11. Indoor GPS System [Kang, 2004] .....................................................66 
Figure 2-12. RRG Indoor GPS Lab Layout [Kang, 2004] .....................................67 
Figure 2-13. Spherical Shell Modeling of a Mitsubishi PA7 Robot: (a) Mitsubishi 
Robot (b) Cylisphere Model (c) Approximate Envelope ..................70 
Figure 3-1. Fiducial Marker Calibration Tool .......................................................79 
Figure 3-2. Force/Torque Sensor and EEF Frame Assignments ...........................81 
Figure 3-3. (Left) Depth Information and (right) RGB Image Captured by a RGB-D 
Kinect Camera ..................................................................................84 
Figure 3-4. Kinect with Frame Assignments .........................................................85 
Figure 3-5. Image from Kinect Vision Sensor with Calibration Points Selected ..86 
Figure 3-6. Robot/Camera Calibration Configuration ...........................................87 
Figure 3-7. Three Selected Points on Gripper with EEF Frame Coordinates ........88 
Figure 3-8. Simulation of Calibration with Vision ................................................90 
 xvi 
Figure 3-9. The Geometry of the Two Gripper Points Estimation Problem ..........92 
Figure 3-10. Finding {Cam} to {World} Frame Transformation Using Visual Servoing
...........................................................................................................95 
Figure 3-11. Example Joint Torque Offset [Schroeder, 2010] ..............................96 
Figure 3-12. World Points Obtained from the 3 Points Vision Calibration Method .
...........................................................................................................99 
Figure 3-13. Kinect Depth Image for Calibration with: (a) Ball in Center of the 
Kinect’s Field of View (b) Ball on Edge of the Kinect’s Field of View
.........................................................................................................100 
Figure 3-14. Calibration Accuracy Test Setup: (a) Gripper Pointing Straight Out (b) 
Gripper Rotated -90
o
 About the Tool Frame’s Y-Axis ...................102 
Figure 4-1. Experimental Setup ...........................................................................107 
Figure 4-2. Experimental Results Showing Transmission Fractions for Photon 
Energies from the 
238
Pu and MOX Fuel Pin Sources .....................109 
Figure 4-3. Operator Triggering Light Curtain ....................................................111 
Figure 4-4. Light Curtains Installed in the ARIES Glovebox Module [Martinez, 1998]
.........................................................................................................112 
Figure 5-1. Motoman SIA10D Manipulator Installed in a Glovebox Transfer Port .
.........................................................................................................119 
Figure 5-2. Stand Supporting SIA10D Manipulator Installed in Transfer Port ...120 
Figure 5-3. System Connections ..........................................................................122 
Figure 5-4. System Testbed Operational at U.T. Austin: Outside Glovebox ......122 
Figure 5-5. System Testbed: Inside Glovebox .....................................................123 
Figure 5-6. Overview of Software .......................................................................124 
Figure 5-7. Dual-Arm Glovebox Simulation Including Collision Detection ......126 
 xvii 
Figure 5-8. Model-Based Collision Detection with Robot and Object: (a) Hardware 
(b) Simulation with Command Prompt Notifying User where Detected 
Collision Occurred ..........................................................................127 
Figure 5-9. Model-Based Collision Detection with Self-Collisions Between Robots: 
(a) Hardware (b) Simulation with Command Prompt Notifying User 
where Detected Collision Occurred ................................................128 
Figure 5-10. Model-Based Collision Detection with Robot and Glovebox Bottom 
Wall: (a) Hardware (b) Simulation with Command Prompt Notifying 
User where Detected Collision Occurred .......................................128 
Figure 5-11. Distance between Robot and Obstacle at Various Speeds ..............130 
Figure 5-12. Calibration Pick-and-Place Demo: Outside of the Glovebox .........133 
Figure 5-13. Pick-and-Place Demo for Calibration with F/T Sensor: (a) Robot 
Approaching Canister (b) Robot Picking Up Canister ...................134 
Figure 5-14. Fx, Fy, and Fz Readings from F/T Sensor Throughout Retrieval and 
Placement of a Canister ..................................................................135 
Figure 5-15. Evaluation of Kinect Sensor in Glovebox: (a) Kinect Mounted Outside 
of the Glovebox, (b) Sensor Data from the Kinect’s Field of Vision ...
.........................................................................................................136 
Figure 5-16. Glovebox used at NRG ...................................................................137 
Figure 5-17. SIA10D Pick-and-Place PDM Task: (a) Canister Placed in Initial 
Location, (b) Retrieval Grasp Pose, (c) Approach Pose, (d) Approach 
Pose Contd., (e) Canister Released in Desired Location, (f) PDM 
Returns to Safe Position and Hand is Closed .................................139 
Figure 5-18. Base, EEF, and Kinect Frame Assignments for Pick-and-Place 
Application ......................................................................................141 
 xviii 
Figure 5-19. SIA5D Pick-and-Place PDM Task: (a) Canister Placed in Initial 
Location by Operator, (b) Retrieval Grasp Pose after Canister Located 
Using Kinect, (c) Approach Pose, (d) Approach Pose Contd., (e) 
Canister Released in Desired Location, (f) PDM Returns to Safe Position 
and Hand is Closed .........................................................................143 
Figure 5-20. Isometric Kinect Depth View of Pick-and-Place PDM Task ..........144 
Figure 5-21. Dual-Arm PDM Glovebox Insertion ...............................................147 
Figure 5-22. Robotiq Adaptive Gripper in Two Different Configurations [Robotiq, 
2012] ...............................................................................................148 
Figure 5-23. Dual-Arm PDM System with Robotiq Grippers .............................148 
Figure 5-24. Micro-Punch Design .......................................................................149 
Figure 5-25. Glovebox Simulation Environment Showing the Motoman SIA10D 
Manipulator Interacting with the Fixed Material Reduction Mechanism
.........................................................................................................151 
Figure 5-26. Manually Sealing Canister ..............................................................151 
Figure 5-27. Canister Tape Removal Design .......................................................153 
Figure 5-28. Plutonium Induction Heating at MET-2 .........................................154 
Figure 5-29. Overview of Pu Slump Casting Process: From 
239
Pu to Production of 
Electricity ........................................................................................155 
Figure 5-30. Fixed and Flexible Remote Handling System Design for Pu Slump 
Casting Furnace ..............................................................................156 
Figure 6-1. IRAD System inside the Glovebox ...................................................161 
 1 
Chapter One:  Introduction 
The objective of this research is to develop and implement a Port-Deployed 
Manipulator (PDM) that can perform various tasks inside of a glovebox via autonomous 
operation and/or intuitive tele-operation. A PDM is any manipulator that is deployed into 
a contained area using the same procedure of a human operator – access via a sleeved 
port that protects the operator from the hazards found inside a glovebox or other 
environment containing nuclear materials. There are many challenges to successfully - 
and most importantly - safely deploy and operate a PDM. Ideally, the PDM uses the 
standard gloveport also used by operators to perform tasks inside the glovebox. The 
gloveport could have a pre-installed sleeve designed specifically for the PDM. This 
sleeve would keep the manipulator from directly contacting the potentially radioactive 
glovebox environment. The PDM could also be inserted through a transfer port, window 
port, or another port on a glovebox that is sufficiently large for deployment. 
By deploying a system via a glove or other standard box port, the system remains 
outside of the hazardous environment allowing for easy upgrade, repair, and removal 
when necessary. Gloveports are typically the easiest to access and the tasks completed in 
a given glovebox are typically designed for operators accessing the workspaces from 
gloveports. Gloveports are typically sleeved with leaded-Neoprene Hypalon gloves that 
allow humans to perform tasks involving radioactive and other hazardous materials. Even 
with the use of leaded gloves, the user can receive a significant amount of radiation. The 
Nuclear Regulatory Commission (NRC) requires that its licensees limit occupational 
radiation exposure to adults working with radioactive material to 5,000 mrem/year 
received from all pathways (i.e., all ways in which people can be exposed to radiation, 
such as inhalation, ingestion, and direct radiation). NRC radiation exposure limits are 
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contained in Title 10 of the Code of Federal Regulations, Part 20. The DOE and Los 
Alamos National Laboratory (LANL) public dose limit to any individual is 100 
mrem/year received from all pathways. [DOE, 2003] These dose limits place restrictions 
on the amount of time a glovebox user can spend with his arms in a glovebox. There are 
other potential dangers to a glovebox worker, such as ergonomics, criticality issues, and 
fire hazards, which make a gloveport-deployed manipulator an attractive solution to the 
nuclear industry. 
In order to reduce hazardous and mixed waste, the PDM can be “booted” with a 
pre-installed gloveport sleeve designed specifically for the manipulator. This sleeve 
would keep the manipulator on the “cold” side, preventing it from direct contact with the 
potentially radioactive glovebox environment. Having a glove or sleeve would help 
shield against radiation that could potentially damage the manipulator’s electronics, block 
certain chemicals and radioactive dust from reaching the manipulator, and ultimately 
increase the manipulator’s functioning lifetime. Since the operator’s dexterity and 
ergonomic constraints are no longer an issue, the sleeves can be thicker and provide 
additional protection. Decontamination of the manipulator without a sleeve is possible 
but not simple without complex cleaning procedures or cost prohibitive retro-fits of 
industrial systems. When the PDM is sleeved, decontamination is similar to existing 
procedures performed by glovebox operators. 
The manipulator sleeve allows the PDM to be easily removed and then deployed 
into another glovebox if needed. The robot can also be removed without breaching the 
containment in the event of a failure or other emergency. The ability to easily transport 
the manipulator around makes the system more flexible and robust as a glovebox is 
commonly used for particular tasks that vary from one glovebox to another. Also, the 
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manipulator should be able to move to another gloveport on the same glovebox. In order 
to transport the manipulator, a mobile platform, robotic stand, or hoist must be employed. 
There are numerous high-level requirements that must be addressed before a 
manipulator can safely perform tasks inside of a glovebox. 
 Sleeve design and implementation 
 Deployment and extraction procedures 
 Workspace analysis and simulation 
 Peripheral integration (both inside and outside the containment area) 
 PDM Calibration 
 Collision detection 
 Failure recovery 
 Safety requirements 
 Human-robotic interaction protocols 
 Long-term radiation exposure analysis for sleeved PDMs 
 Operational testing and preparation 
Note these requirements focus on the deploying and preparing a system for 
operation, not the operation of the system itself to complete a task. Motion planning, 
trajectory planning, grasping, obstacle avoidance, vision, redundancy resolution, contact 
control and many other operational requirements are important, but beyond the scope of 
this effort. Here we focus on requirements that ready the PDM for completing tasks, not 
the task completion itself. Efforts examining operational capability are ongoing at The 
University of Texas at Austin (U.T. Austin) as a part of other research efforts. 
There should be shielding between the glovebox environment and manipulator 
during deployment and operation, so a seal between the manipulator and gloveport is 
essential. A task survey of the potential glovebox operations must be performed. This 
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survey would include the possible tasks that the user may need to accomplish, what the 
manipulator needs to do in order to achieve these specific tasks, the payload of the 
manipulator and gripper, and other items that pertain to specific tasks. For each 
application, there are various methods to complete a task, including the use of fixed 
and/or flexible automation. Fixed automation is a device that is designed to complete a 
small number of usually related tasks, whereas flexible automation is a system such as a 
manipulator that can programmed to accomplish various types of tasks. Given the 
requirements for a glovebox problem, this type of decision is one often made early in the 
design process. 
A robust inverse kinematics algorithm needs to be implemented while the 
manipulator is within the sleeve to limit the sleeve from tearing. It is important to avoid 
tears in the sleeve, since a tear would cause a potentially dangerous breach. A more 
flexible sleeve design leads allows for greater robot dexterity. However, a balance 
between flexibility, radiation shielding properties, and toughness needs to be addressed 
when designing a sleeve. Dariush [2010] describes a kinematically constrained inverse 
kinematics algorithm that can be utilized for motion planning of a sleeved PDM. 
This chapter introduces the challenges and safety issues of working in a glovebox 
and why it is important to have a PDM (safety, ergonomics, radiation, etc.). A threshold 
analysis will briefly be discussed on whether or not you even need to deploy a 
manipulator (fixed vs. flexible automation). Challenges and requirements of 
implementing a PDM will be presented with a brief literature review of each item. If we 
are going to implement a PDM in the nuclear industry, what requirements need to be 
addressed? This chapter answers this question and the remainder of this effort will 
document selected efforts and methodologies for meeting these requirements. These 
requirements are then analyzed to determine which have the highest importance and 
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which are within the scope of this effort. Some requirements, although of high 
importance are likely be beyond the scope of this effort. 
1.1. OBJECTIVES FOR PDM AUTOMATION 
Primary objectives of PDM automation include: 
 Reducing the burden on the operator without a loss in process efficiency or the 
need to redesign the process itself.  
 Moving operators away from hazards in a way that allows them to return if 
necessary.  
 Safely cooperating with the operator by not harming the operator, working in a 
space that has been used by an operator, and ideally, working alongside the 
operator.  
The success metrics, of the Nuclear Robotics Group (NRG) from U.T. Austin, are the 
reduction of operator dosage, improved operational safety, and the minimization of any 
losses in operational efficiency. 
1.2. WORKING IN RADIOACTIVE ENVIRONMENTS 
When a process or task requires workers to function in a radioactive environment, 
additional constraints and requirements increase the design complexity. Finding a 
solution that optimizes radiation protection relative to the “As Low As Reasonably 
Achievable” (ALARA) doctrine and also allows for successful task completion in the 
hazardous domain can be difficult. In order to meet ALARA, large dose reductions are 
sought through process optimization, utilization of nuclear design principles, and 
removing the worker from the environment and – when possible – using automation 
and/or robotics. 
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To preclude uncontrolled release of radioactive material, gloveboxes are used to 
confine Pu. The glovebox is an absolute barrier (i.e. a sealed enclosure). Gloveboxes used 
for the production, handling, and disposal of radioactive materials are maintained at a 
lower pressure than the surrounding atmosphere, so that microscopic leaks result in air 
intake rather than hazardous outflow. A typical LANL glovebox train is shown in Figure 
1-1. 
 
 
Figure 1-1. Typical LANL Glovebox Train [Cournoyer, 2010] 
 The geometry of gloveboxes can vary as significantly as the operations which 
they support. For comparison purposes, a glovebox from Idaho National Laboratory 
(INL) is shown in Figure 1-2. 
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Figure 1-2. INL Glovebox [Walsh, 2007] 
Glovebox supports are designed to withstand seismic motion. Most gloveboxes are 
stainless steel vessels constructed of 3/16” thick stainless steel with smooth, non-lead-
lined interior finish, that are leak-tested with all fittings in place before placed in 
operation. Gloveboxes are typically sealed and shielded with material access ports on the 
ends and gloveports and windows along one or more sides. These gloveports (typically 8” 
in diameter) allow workers to reach into the enclosure and manipulate materials by hand. 
Unfortunately, the proximity to nuclear materials often expose workers to significant 
levels of radiation and provides opportunities for direct exposure in the event of a seal 
breach or other mishap. Additionally, reaching through fixed ports and wearing heavy, 
lead-lined gloves can lead to worker fatigue and limit productivity. Combined, these 
factors motivate the need for automation in glovebox operations. Numerous integration 
issues are addressed or sidestepped by using a PDM since the system can easily be 
removed, upgraded, or replaced.    
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1.2.1. Dose Minimization Principles 
In a glovebox application, dose minimization principles should be incorporated to 
effectively reduce dose and optimize the process. These principles include: 
 Reducing worker time in the environment 
 Increasing worker distance from the source 
 Applying appropriate shielding 
 Fewer material transfers 
 Reduced manual processes or increased automation 
 Removing worker from radioactive environment through fixed automation, tele-
operation, and/or flexible automation 
1.2.2. Glovebox Environment 
One factor that must be analyzed and taken into consideration is the uncertainty of 
the working environment. For example, there are a large but finite number of 
uncertainties in a glovebox. Many glovebox tasks are well-defined; however, since 
manual processing is often required, the human presence may result in an environment 
where the location of targets and obstacles may vary. Uncertainty in a glovebox increases 
dramatically if an operator is working in the glovebox with the PDM, due to the high 
uncertainty in the operator’s motions. The PDM would need to be capable of functioning 
in this dynamic environment. The spectrum of autonomy shown in Figure 1-3, illustrates 
some robotic applications given the level of structure in task specification (vertical axis) 
and environment (horizontal axis). 
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Figure 1-3. Autonomy Spectrum for Robotic Systems for Given Environmental and Task 
Structures [O’Neil, 2010] 
Placement on Figure 1-3 is based on the task performed and the environment in 
which the robot operates. Systems in the upper right corner are typically pre-programmed 
to complete repetitive tasks (i.e. factory floor automation), whereas systems in the lower 
left corner are tele-operated (i.e. explosive ordinance disposal (EOD) robots) and place a 
large burden on the operator to not only complete the task, but manage the robot’s 
internal configuration. Glovebox automation does not lie at one of either extremes, thus 
the unique environmental characteristics can be exploited to improve autonomy while 
also addressing its unique domain challenges. 
Many forms of Figure 1-3 are found in the literature depicting the relationship 
between task definition, environmental structure, and the necessary level of autonomy, 
such as in [Huang, 2005]. Not represented in this graph is a third and critical axis 
representing the required performance needed to complete a given task. For example, 
there may be large allowable error when orienting scissors around an exposed wire to be 
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clipped as part of an EOD operation, but very little allowable error in a high-precision 
manufacturing task such as surface finishing a tightly tolerance part. The required 
performance needed to complete a task in a glovebox varies greatly since glovebox tasks 
can range from high-precision manufacturing tasks to low precision tasks like crushing 
shards of glass. 
1.2.3. Plutonium Background 
Knowledge of the radiation effects and characteristics of a certain radionuclide in 
the glovebox is important for several reasons. An operator needs to know how much dose 
they are receiving. Certain materials cannot be present in the glovebox when certain 
radionuclides are present (e.g. rubber will degrade in the presence of 
238
Pu). For this 
reason, the material requirement for glovebox automation would change depending on 
the radionuclides handled. 
Many DOE glovebox operations involve the handling of plutonium (Pu). 
Therefore, a general understanding of Pu, including the issues with Pu, is important. 
239
Pu 
is a weapons grade isotope of Pu. The smallest amount of 
239
Pu that can become critical 
is about 0.5 kg. Criticality is a major concern, because, for example, a burst of 10
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fissions may produce doses (without shielding) of 9000 rad at 3 ft. and 90 rad at 30 ft. 
The industrial production of 
239
Pu occurs in nuclear reactors in which 
238
U captures 
thermal neutrons and decays via 
239
Np. 
 
238U + n → 239U 
239U → 239Np + β- (23 minutes) 
239Np → 239Pu + β- (2.36 days) 
239Pu → 235U + 4He (24,000 years) 
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 Radiation will react with different materials in different ways; therefore nuclear 
reactions with all of the different types of materials in the glovebox must be explored. For 
example, when an alpha particle strikes 
27
Al, a 
30
P atom with a half-life of 2.5 min and a 
neutron are released. Because of this 
27Al(α,n)30P reaction, stainless steel is used for the 
glovebox material. 
 
238
Pu, a heat source grade isotope of Pu, is also found in gloveboxes. Its half-life 
is 87.8 years, which is a factor of over 250 less than the half-life of 
239
Pu. 
238
Pu is highly 
corrosive, especially to polymers, and thus will cause rubber to degrade if both are 
present in a glovebox. 
238
Pu also has high gamma and x-ray dose rates. 
1.2.4. Risks from Glovebox Operations 
The three major risks from glovebox operations come from glovebox ergonomic 
injuries, internally deposited radionuclides, and the dose from externally penetrating 
radiation. [Cournoyer, 2011]  
Ergonomic injuries are the most common type of injury obtained from working in 
a glovebox (see Figure 1-4). The average cost per year due to ergonomic injuries from 
glovebox work is estimated to be $500,000. [Olson, 2010] There is a direct correlation 
between repetitive motion/cumulative trauma and ergonomic injuries, primarily in the 
upper extremities. Using a Pareto Chart, Cournoyer [2011] determined the primary injury 
types that occurred in gloveboxes at LANL. In Figure 1-4, critical injuries and illnesses 
types are prioritized in relation to the number of cases. The Pareto Chart highlights the 
most important injury/illness types. The left vertical axis is the ranking of recordable and 
first aid cases. The right vertical axis is the cumulative percentage of the total number of 
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cases. Ergonomic injury, strain/sprain, chemical exposure, abrasion, laceration, and 
contusion were the major types of injuries documented between June 2006 and July 2010. 
 
 
Figure 1-4. LANL First Aid Injuries/Illnesses Types Pareto Chart [Cournoyer, 2011] 
Sharp points within gloveboxes can puncture gloves, which could result in the 
operator receiving a dangerous radiation dose. Because of this, current LANL imposed a 
requirement that no exposed sharp objects can be used in gloveboxes. Figure 1-5 
illustrates LANL’s current methodology for reducing the size of glass in a glovebox. It is 
apparent that this is not a safe approach, since the glass could puncture the bag and 
subsequently pierce the operator’s glove (see Figure 1-6). 
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(a) (b) 
Figure 1-5. Glass Size Reduction Task: (a) Size Reduction Operation/Method, (b) Size-
Reduced Glass Column [Cournoyer, 2010b] 
 
Figure 1-6. Breach of the Bag [Cournoyer, 2010b] 
 Having a PDM perform tasks such as the one shown in Figure 1-5 (a) would 
reduce lacerations and contamination to the operator, since the operator could be 
removed from the glovebox. Also ergonomic issues arising from the operators working in 
glovebox gloves, which greatly reduce dexterity, would be reduced. 
1.3. THRESHOLD ANALYSIS: IS A PDM NECESSARY? 
A threshold analysis will briefly be discussed on whether or not a PDM is needed 
for given glovebox operations. Different types of automation can be utilized to optimize 
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certain types of tasks. Each type of automation has its own advantages and disadvantages. 
These advantages and disadvantages are discussed with respect to each type of 
automation being used within the nuclear domain. Hashem [2011] performed an analysis 
of the integration of fixed and flexible solutions for glovebox automation. For each 
application, there are various methods to complete a task: 
 Manual 
 Tele-operation 
 Fixed 
 Flexible 
 Hybrid 
Given the requirements for a glovebox problem, one important decision often made 
early in the design process is what application option (manual → hybrid) to implement. 
Depending on the process, there will be certain tasks that can be done autonomously, 
ones that must be performed manually, or ones that would benefit from a combination of 
the two (i.e. a robot assisting a human operator in a task). For each process/application, 
you need to identify tasks that can be automated (fixed or flexible), tasks that must be 
performed manually, and tasks that could use a hybrid approach. If a task is completely 
automated, the dose is brought down to zero. If a hybrid approach is utilized (task 
completed manually and autonomously), the dose will be less than the original amount 
but greater than zero. If the task is performed manually, there will be no dose reduction, 
unless the time of task completion is reduced, distance from radiation source is increased, 
and/or appropriate shielding is implemented. 
Hashem [2011] created a decision matrix to help decide which method is best for a 
particular task as shown in Table 1-1. By using this decision matrix, tasks that can be 
accomplished using specific design solutions can be identified. Example DOE tasks 
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within a glovebox include a Pu slump casting furnace, loading materials in a melting 
vessel within a vacuum melting system, separating materials in a criticality upset 
condition, materials bagout/packaging processes for waste transportation, material 
reduction, canister tape removal, etc. 
 
Table 1-1. Decision Analysis: Application Options and Requirements1 
  Man. Tele-oper. Fix. Flex. Hyb. 
Safety 
ALARA - 0 + + + 
Ergonomic injuries - - + + + 
Need for sharps - 0 0 + 0 
Process volatility - 0 + + + 
Shielding - 0 + + + 
Manufacturing 
Requirements 
Precision 0 - + + + 
Repeatability - - + + + 
Maximizes efficiency - - + - 0 
Flexibility 0 0 - + 0 
Customization 0 0 - + + 
Handle various products + + - + 0 
Maintenance 
Requirements 
Routine maintenance 
frequency 
0 0 - + 0 
Routine inspection 
frequency 
0 - - + 0 
Reliability - - + + + 
Process/Production 
Possibility of future 
production 
0 + + + + 
Volume demand - - + - + 
Initial investment cost 0 - - - - 
Variable cost per unit 0 0 - + 0 
Reuse of existing 
infrastructure 
0 + - + - 
Capability of existing 
infrastructure 
0 + 0 + 0 
Dosage per unit task - 0 + + + 
 
1.3.1. Tele-Operation 
Tele-operation helps reduce the distance between the worker and source, since 
they can be operated from behind a shield or through a gloveport. Tele-manipulators, a 
                                                 
1 (+,-,0) → potentially positive, negative, and no impact respectively 
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form of tele-operation, as seen in Figure 1-7, reproduce natural motions of the hands at 
the master end identically at the slave end in a 1 to 1 ratio. With tele-manipulators, 
ergonomics are usually not significantly improved since operators still use their 
shoulder(s), arm(s), wrists(s), hand(s), and fingers to successfully operate the tele-
manipulator. 
 
 
Figure 1-7. Operator Using a Tele-manipulator Inside a Hot Cell [Central Research 
Laboratories, 2011] 
1.3.2. Fixed Automation 
An example of fixed automation is a fixed machine inside a glovebox that 
automates tasks. Fixed automation is designed to automate a unique task. If the task 
changes, one must add a component, redesign, and/or remove the fixed automation 
device from the glovebox. This can both be difficult and costly. Since the tasks 
performed inside a glovebox can change, it is beneficial to implement flexible automation 
whenever possible. 
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1.3.3. Flexible Automation 
The need for flexible automation arises because things change beyond our control. 
Traditionally, flexible automation requires a detailed description of the system and tasks. 
There are certain limitations depending on the type of robot, task uncertainty, 
environment unknowns, the workspace, gripper or tool used, and safety standards. 
Hazardous environments add complexity to tasks since they involve radioactive 
substances and additional safety measures are needed. Flexible automation would 
function very well with pick-and-place tasks and pouring/transfer operations where there 
is little material hang-up. Some tasks prove to very difficult for a manipulator, such as 
cleaning out canisters for residual or stuck materials. Figure 1-8 illustrates whether fixed 
and/or flexible automation should be used given the certainty of the task and 
environment. A high-level goal of the NRG is to expand the boundaries of the feasible 
task space for flexible automation to improve the overall capability/safety of glovebox 
automation.  
1.3.4. Hybrid Solution 
A hybrid solution combines fixed automation with flexible automation (i.e. 
flexible automation interacting with the fixed automation). Hashem [2011] formalizes the 
decision structure in more depth for selecting between manual, tele-operation, fixed, 
flexible, and hybrid solutions. Hashem [2011] also discusses techniques for deciding 
when either fixed or flexible automation (or a mixture) is best suited. Hybrid solutions 
were found to optimize many nuclear materials handling glovebox applications. 
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Figure 1-8. Certainty Analysis/Spectrum for Deciding Between Fixed and Flexible 
Solutions 
1.4. CHALLENGES AND REQUIREMENTS FOR PDM IMPLEMENTATION 
Challenges and requirements of implementing a PDM will be presented along 
with a brief literature review of related efforts. For a PDM to be implemented in the 
nuclear industry, what requirements need to be addressed? The requirements discussed in 
this section were derived from this question. These requirements will be analyzed to see 
which ones are of the highest importance and are relevant to the scope of this report. 
Some requirements, although of extremely high importance are likely be beyond the 
scope of this effort. 
1.4.1. Sleeve Design and Implementation 
This section discusses the importance of a sleeve, sleeve design, sleeve 
attenuation, and how to maintain sleeve integrity when the robot is operational. Chapter 
Four evaluates shielding techniques for PDM automation and further discusses sleeve 
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attenuation by describing an experiment performed to study how well glovebox gloves 
attenuate photons. The purpose of the sleeve is to protect the PDM from radiation and 
particulates in radioactive environments, such as a glovebox. After a glovebox 
application, the PDM can be decontaminated if removed from the glovebox environment, 
but because of the structured PDM design, this operation is not simple. Having a sleeve 
will help protect the electronics and simplify PDM decontamination. 
Glove changes necessarily create a minor breach in the glovebox. This exposes 
the worker to residual contamination from the surface of the gloveport ring and the 
glove’s inner cuff. [Rael, 2008] To reduce contamination, the sleeve could be pre-
installed into the gloveport so that the PDM could easily slide in and later removed. 
There are several options that can be employed in order to not tear or damage the 
sleeve during PDM operation. These include restraining the inverse kinematics, limit 
joint positions, and/or making the sleeve more flexible. Also, the seal design on the 
sleeve that allows the PDM’s wrist to move must also be addressed. A seal on the sleeve 
that allows the PDM’s wrist to move could be designed. This would allow for greater 
dexterity and would make it easy to change the PDM’s tool or gripper. Contact sensors 
on the sleeve could be implemented in order to protect the PDM and glovebox operators. 
Current companies, such as ROBOWORLD Inc., provide robot protection covers 
for industry purposes but do not manufacture a lead-based material sleeve. 
ROBOWORLD does provide aluminized Kevlar covers for high temperature 
applications, but this type of material would not protect the PDM from gamma-rays. 
There are companies that specialize in remote handling technology for use in 
environments inaccessible to humans that offer protective sleeves, such as Walischmiller 
Engineering. However, they only manufacture protective sleeves for their products. 
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Robonaut 2 (see Figure 1-12(e)) currently uses sleeves composed of spandex and 
Ortho-Fabric which consists of a blend of Gortex®, Kevlar®, and Nomex® materials. 
[Robonaut Employee, 2012] However, a sleeve consisting of similar materials could not 
be used in radioactive glovebox environments because of the organic nature of these 
materials. Also, the sleeves used for Robonaut 2 are not used for radiation shielding. 
Organic material decays with time and the rate of decay is accelerated by heat and 
radiation. Relatively low bond strength of polymers makes for flexible materials, but also 
makes them more easily attacked by acids and alpha particles. Polymers are poor gamma-
ray attenuators since they are low-Z materials. 
Many master-slave arm systems used in hot-cells use protective sleeves. Figure 
1-9 shows a sleeved EMSM2b dual-arm master-slave arm system. The sleeves are raised 
to a slightly positive pressure to ensure that gas flows from inside to outside. This system 
does have contamination traps caused by the structure of the many moving parts of the 
gripper that cannot be sleeved because of the need to maintain functionality. Since the 
gripper is outside of the sleeve, it can be removed from the robot remotely and other 
customized tools can be fitted onto the end-effector (EEF). [Bazlen, 2004] The gripper is 
the main part of the manipulator that comes into contact with hazardous material and thus 
the most contaminated robot component. 
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Figure 1-9. Sleeved Master-Slave Robotic System [Bazlen, 2004] 
1.4.2. Deployment and Extraction Procedures 
Since the PDM system is port-deployed, a support structure that allows the system 
to be inserted and removed from the port is necessary. The stand must allow the absolute 
and relative base locations of each arm to be easily adjusted both horizontally and 
vertically in order to access multiple gloveports. The stand should easily adjust according 
to the National Institute for Occupational Safety and Health (NIOSH) [Centers for 
Disease Control and Prevention, 2012] guidelines to limit strenuous repetitive lifting. 
A custom, wheeled, stand developed at UT allows the absolute and relative base 
locations of each arm to be manually adjusted both horizontally and vertically. The base 
of each robot can be rotated about the support beam and the pitch of the base can be 
adjusted ±15°. The stand is shown in Figure 1-10. Having a wheeled robotic stand will 
also reduce integration costs, since the PDM does not have to be permanently fixed to the 
glovebox. If the PDM is not needed for a certain glovebox application, it can be removed 
from the environment. 
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Figure 1-10. Wheeled Adjustable PDM Stand 
1.4.3. Workspace Analysis and Simulation 
Successful completion of glovebox tasks is aided by knowledge of the PDM’s 
capabilities in the workspace. Since many human-operated gloveboxes are already in use, 
it may make more sense to add robots to existing gloveboxes than to build a new system 
from the ground up. This means that PDMs could be sharing the workspace with humans, 
and therefore, must be able to handle the unpredictable movements of a human operator 
safely. 
Determining what objects are in the PDM’s workspace is important. O’Neil 
[2010] shows that through graph-based world modeling, topological relationships 
between entities in the environment can be captured. A link between a PDM and an 
object in the glovebox could indicate that an object is in the PDM’s workspace. Links 
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between two physical objects represent their adjacency in space. Links could also contain 
the grasp parameters required for the manipulator to grasp the object. 
Building a suitable simulation of the glovebox environment is crucial to 
understanding a manipulator’s workspace. By simulating robots performing tasks inside a 
glovebox, the workspace and dexterous workspace can be analyzed to determine the 
robot’s capabilities in a workspace. This not only indicates if a task is possible but can 
suggest how a task should be completed. Williams [2010] determines the quality of 
manipulator positioning in the workspace based on manipulability and locates the best 
location of targets for manipulation. The knowledge of valid manipulator configurations 
throughout the workspace can be used to extend the application of task planes to motion 
planning between grasping configurations. A simulated system of two 7 degree-of-
freedom (DOF) serial manipulators handling various objects in a glovebox is pictured in 
Figure 1-11. This simulation was used to find a valid layout that could be used to 
conceptually demonstrate how a dual-arm system could carry out desired glovebox tasks.  
 
 
Figure 1-11. Dual-Arm Glovebox Simulation [Williams, 2010] 
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1.4.4. Peripheral Integration 
There are peripheral requirements for a gloveport-deployed manipulator, which 
include sensing and tooling items that are essential for the manipulator to perform tasks 
autonomously. Various peripheral devices, both inside and outside the contamination 
area, help augment the PDM system. These devices include a force/torque (F/T) sensor 
located at the PDM’s wrist for monitoring forces for tasks that require a level of contact, 
gripper as the PDM’s EEF for grasping objects, 3D vision system to ascertain an accurate 
environmental model, redundant safety mechanism, such as light curtains and high-
bandwidth contact sensing, and a 3D space mouse that provides 6 axis motion commands 
from the operator for intuitive tele-operation control. These peripheral devices act as a 
supporting sensor suite for successful and safe PDM operation inside a glovebox. 
1.4.5. PDM Calibration 
There also needs to be a calibration method so that the base pose of the 
manipulator can be obtained independent of the manipulator’s orientation. Once the PDM 
enters the glovebox, the relative position of the PDM with respect to its workspace needs 
to be known. Calibration is a key step in ensuring successful completion of tasks by the 
PDM. Also, model-based collision detection will not work correctly if the location of the 
PDM with respect to its workspace is unknown. For these reasons, PDM calibration is a 
top priority in this report. Utilizing a vision system, an operator can determine the 
position of objects in the PDM’s workspace including the glovebox walls with respect to 
the PDM’s frame of reference. A literature review of manipulator calibration techniques 
is discussed in Chapter Two. The PDM calibration methodology is discussed in Chapter 
Three and relevant demonstrations are described in Chapter Five (Section 5.3). 
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1.4.6. Collision Detection 
Once the robot is calibrated, it is necessary to implement a robust model-based 
collision detection algorithm as a first in many redundant safety algorithms embedded in 
the robot and external control loops. Collision detection uses a model of the environment 
generated from a priori and sensor data to determine in real-time the minimum distance 
between any point on the robot and any point in the environment. 
Collision detection must be incorporated into the control system in order to avoid 
collisions between the robot and the glovebox, robot and human, and robot and items 
within the glovebox, which could include another robot. Collision detection is a top 
priority in this report. A literature review on the topic of collision detection is discussed 
in Chapter Two. Relevant collision detection demonstrations are described in Chapter 
Five. 
1.4.7. Failure Recovery 
Robotic manipulators working in remote and hazardous environments require 
additional measures to ensure their usability upon the failure of an actuator. Work by 
Lewis and Maciejewski [1994] considers failure modes that result in an immobilized joint 
and uses the concept of worst case dexterity to define kinematic and dynamic fault 
tolerance measures for redundant manipulators. These measures are then used to specify 
the operating configuration which is optimal (i.e. manipulator’s dexterity remains high) 
even if one of its joints fails in a locked position. Recovering from a failed joint in order 
to complete a task is essential for robot explorers in space, such as the Mars Exploratory 
Rover (MER). Pararinsky-Robson and McCarthy [2009] discuss recovery planning 
algorithms used for the reconfiguration of crippled robotic systems to achieve mission 
critical tasks, such as those utilized by (MER). For glovebox applications discussed in 
this report, the PDM will not have to complete a task if there is a joint failure. If a joint 
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failure occurs, the PDM can be removed from the glovebox environment and repaired or 
replaced. An exception to this would be if the PDM is handling nuclear material that 
could potentially become supercritical. For example, if materials were in a criticality 
upset condition and needed to be separated, the PDM would need to be able to 
successfully move these materials to safe locations. These are rare, unwanted occurrences 
in DOE gloveboxes however. 
If the PMD undergoes a system failure (i.e. not able to move any of the PDM’s 
joints) inside the glovebox, necessary steps would need to be taken to safely remove it 
from the glovebox. If the PDM was in its deployment/extraction pose, it could be 
removed from the glovebox using the routine extraction procedure. If the PDM’s joints 
were in a configuration in which it could not be completely removed from the glovebox, 
the PDM could dissembled and extracted in pieces. Either a modular construction of 
robot components or – in the extreme - a diamond blade could be used. Assuming that the 
stationary PDM is sleeved, one could slowly extract the PDM from the sleeve as far as 
possible, cut the exposed “cold” side of the robot, and repeat this process until the entire 
PDM is out of the glovebox. By following this procedure, the seal between the “cold” 
and “hot” remains intact.   
1.4.8. Safety Requirements 
These requirements apply to remote handling methods and equipment that may be 
incorporated into the PDM system design. Many safety requirements stem from the 
necessity of glovebox processing, which presents a working environment characterized 
by confined spaces, limited access, and radiation and contamination, among other 
drawbacks. 
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The system must meet all the safety requirements of DOE glovebox operations. 
Operations must be collision free and the system must be capable of safely interacting 
with the human operator at all times. Safety alarms and emergency-stop mechanisms will 
be used as needed. The ALARA principle should be practiced at all times. Off-the-shelf 
components and equipment with proven histories should be used when possible. All 
components must meet quality assurance standards. Electromechanical actuators should 
be used that are also brushless, easy to replace, and capable of attaining low speeds for 
gross movements. All electrical components must be able to operate with the available 
power constraints. Radiation hardening or shielding should be used for susceptible 
electronic components. Electrical cords and other types of wires must also be protected 
and routed to avoid interference with glovebox processing. 
Kindinger and Darby [2000], two members of the Probabilistic Risk and Hazards 
Analysis Group at LANL, developed a qualitative and systematic project risk analysis 
method called Risk Factor Analysis (RFA), which is used as a tool for analyzing risk at 
LANL. 
1.4.9. Human-Robotic Interaction Protocols 
Robots are primarily extensions of humans; the robots are often intended to 
remove a human from hazardous areas. Humans are generally not collocated with the 
robot and are often bystanders. However, a PDM should allow side-by-side interaction 
with humans as a means to increase productivity and efficiency in glovebox tasks. This 
poses the fundamental problem of ensuring safety to the user and the robot. 
Safety regulations and standards in human-robot interaction are essential in order 
for human operators and robots to work side-by-side in gloveboxes. Robots are subject to 
unpredictable environmental effects caused by humans that possibly impair motion and 
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perceptual capabilities. For example, a glovebox operator could obstruct the robot’s 
vision system. For this reason, human-robotic interaction requires safeguard sensory 
systems to be in place.  
Designing the software to minimize accidents is extremely important. Inside the 
glovebox, human fingers, hands, and arms are the body parts that could potentially be 
engaged in accidents. Since the PDM is constrained to move at relatively low speeds, 
blunt force traumas are unlikely to occur. PDM speeds could be even further limited as 
they approach people. However, safeguards must be put in place to prevent the PDM 
from pressing down on a human body part against a hard surface, such as the glovebox 
floor, which could lead to bruises, broken bones, and laceration of the operator’s glove. 
A PDM for human-robot interaction should ideally have low inertial properties, 
torque sensing in each joint, and a load to weight ratio similar to humans. A solution for 
reducing the instantaneous severity of hazards is to introduce mechanical compliance in 
the PDM. Adopting compliant transmissions at the robot joints allows the actuators’ rotor 
inertia to be dynamically decoupled from the links whenever an impact occurs. 
Force/impedance control is important in human-robot interaction since a compliant 
behavior of a manipulator leads to a more natural physical interaction and reduces the 
risks of damages in unwanted collisions. Impedance control and collision detection with 
adequate reaction are essential components for enabling safe cooperation between 
humans and robots. [Haddadin, 2009] The capability of sensing and controlling 
exchanged forces is key for cooperating tasks between humans and robots. Safe control 
and trajectory planning are also important for any interaction that involves motion in a 
human environment. [Ogorodnikova, 2010]  
The glovebox workspace can also be monitored by vision systems to ensure safe 
human-robot cooperation by visually tracking human motions. The PDM must involve 
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some degree of tele-operation to cope with current limits on artificial intelligence. In 
order to provide safe and effective human-robot interaction, an integrated approach of 
sensing, control, and planning that continuously evaluates the system state during the 
collaborative human robot performance to avoid undesired consequences is necessary. 
1.4.10. Long-Term Radiation Exposure Analysis for Sleeved PDMs 
A PDM could remain in a gloveport for long periods of time, especially compared 
to human operators. Therefore one requirement would be ensuring that PDMs in this 
situation will not unexpectedly fail. Radiation can have adverse effects to the electronics 
of robots. Future work will need to be done to determine the life cycle of manipulators 
undergoing radiation damage. 
1.4.11. Operational Testing and Preparation 
All of the required components discussed in Section 1.4 must be thoroughly tested 
in order for actual implementation of a PDM in a DOE glovebox to handle nuclear 
materials. 
1.5. REVIEW OF DUAL-ARM SYSTEMS AND GLOVEBOX AUTOMATION 
NRG is developing a dual-arm, anthropomorphic, PDM system to maximize 
compatibility with a human operator’s work and task space. While smaller systems may 
be possible, the largest robot compatible with this space would provide the highest 
payload and reach. The PDM would also need to be able to perform similar tasks to that 
of a human glovebox operator (7 independent joints best emulates the kinematic freedom 
of a human arm). This line of thought necessarily leads to the conclusion that the system 
will be anthropomorphic in configuration and scale. 
Thus, this review focuses on research and production systems that can meet our 
high-level requirements. Additionally, the focus will be on systems that operate in 
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manufacturing or similar environments instead of those targeting home, entertainment or 
research applications Willow Garage’s PR2 [Willow Garage, 2011], NAIST’s Barrett 
Dual-Arm System [Tamei, 2011], MEKA’s M1 [MEKA, 2012], or similar systems.  
Our approach develops and demonstrates our research on commercially available 
hardware. This increases the breadth of potential applications and reduces the cost of 
implementation. Until recently the task space for industrial manipulators was restricted to 
pick-and-place tasks in segregated environments. Industrial robotic systems were 
expensive with only high volumes providing a return on investment. The 1990s saw a 
price-performance improvement of over 12 times along with an estimated 80,000 hour 
life-span. And yet there are compelling reasons industrial systems continue to find 
limited use in the research community (see Table 1-2). Their once large size was 
prohibitive for many research labs. Implementation and enforcement of a safety plan in a 
student-driven environment is also a concern. Additionally, industrial systems provide 
neither the desired sensor suite nor controller interfaces necessary for implementing the 
proposed control algorithms. 
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Table 1-2. Comparison of Modern Research and Industrial Manipulators 
Arms Willow Garage 
PR2 
Meka A2 
Compliant Arm 
Barrett WAM 
Arm 
RRC K-707i 
 
 
 
 
 
Payload 1.8 kg 2.4 kg 4 kg 5.5 kg 
Weight NA 11.4 kg 27 kg 71 kg 
Reach ~ 0.800 m 0.792 m 1 m 0.65 m 
Sensing Joint Position, 
Joint Torque 
Compliant Joint 
Position, Joint 
Torque 
Joint Position, 
Whole-Arm 
Force Sensing 
Joint Position, 
Joint Torque 
DOF 7 7 7 7 
Cost >$400,000 $110,000 $149,000 $250,000 
 
Arms Denso VS-6556G KUKA LW Motoman 
SIA5D 
Motoman SIA20 
 
 
 
 
 
Payload 5 kg 7-14 kg 5 kg 20 kg 
Weight 28 kg 14 kg 70 kg 120 kg 
Reach 0.65 m 1 m 0.559 m 1.1 m 
Sensing Joint Position Joint Position, Joint 
Torque 
Joint Position, 
Joint Current 
Joint Position, 
Joint Current 
DOF 6 7 7 7 
Cost $20,000 $150,000 $39,375 $45,375 
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As can be seen in the table above, the performance (reach, payload, etc.) to cost ratio for 
industrial systems is superior if the remaining roadblocks to performing advanced 
research can be addressed. 
1.5.1. Existing Dual-Arm Systems 
Figure 1-12 below shows six dual-arm systems from industry and the research 
community designed (at least in part) to address a task space commiserate with 
manufacturing. Six systems offered by established robotic companies, where each design 
and implementation plan approaches co-robotic safety with slightly different technical 
and/or marketing strategies. For example, Shibuya’s CellPro is not marketed to work with 
humans but rather replace the human to perform the same task in sterile, glovebox 
environments. The task envelope is limited as is often the case when working in 
gloveboxes due to the increased risk of ergonomic injury. The system does use 
accelerometer-based hand-held controllers that allow operators to direct the system by 
intuitively moving their own arm in free space. [Shibuya, 2012] 
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(a) (b) (c) 
 
  
(d) (e) (f) 
Figure 1-12. Anthropomorphic Dual-Arm Systems: (a) Shibuya CellPro [Shibuya, 2012], 
(b) ABB’s FRIDA [ABB, 2012], (c) Kawada’s NEXTAGE [KAWADA, 2010], (d) 
Motoman’s SDAxx [Yaskawa, 2011], (e) NASA and GM’s R2 [NASA, 2012], (f) 
Kuka/DLR System(s) [KUKA, 2012] 
 ABB’s FRIDA (Friendly Robot Industrial Dual Arm) concept is designed to 
operate in spaces for human workers. It uses ABB’s standard IRC5 Controller housed in 
the robot’s torso component. [ABB, 2012] The respected IRc5 controller in tandem with 
real-time collision detection and a flexible robotic gripper [Vittor, 2011] help to address 
safety via industry certifications [Yaskawa, 2011] adhered to by ABB. ABB has “no 
immediate plans” to make the system commercially available. Kawada Industries of 
Japan had developed its “Next Generation Industrial Robot known as NEXTAGE. 
[KAWADA, 2010] Its strategy is to limit power to less than 80 Watts exempting the 
system form “legal restrictions on ‘industrial robot’”. [KAWADA, 2010] Thus the 
NEXTAGE can “operate in an environment where there are humans, bounded by risk 
assessment.” The NEXTAGE payload capacity is 1.5 kg for each arm. 
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 Motoman has a series of dual-arm robots SDA5, SDA10, and SDA20 where the 
value represents the arm payload (kg). These 15-axis (two 7 DOF arms connected by a 
single torso joint) systems are controlled by their standard industrial DX100 Controller. 
[Yaskawa, 2011] Of the commercially available systems, these systems – nicknamed 
Dexter – have the best potential to meet the anticipated task requirements, but they are 
also the most traditional industrial system examined. Dexter’s geometry does not allow 
both manipulators to be fully deployed into gloveports simultaneously. Motoman does 
allow end-users to control the drives at very high rates (500-1000+ Hz) using either a 
High-Speed Synchronous Controller or with a 3
rd
 party controller available from Agile 
Planet. These control methods allow for the integration of external sensors to correct for 
uncertainty [Bouchard, 2011], and – in the case of the SDA5 – include useful current data 
from the arm’s joint motor drives. These new systems provide a new avenue of 
consideration for safe operation in commercial applications, but – for this effort – it is 
also system capable of emulating “safe” systems for research purposes. A similar system 
to the SDA5 exists at U.T. Austin for use as the system emulator. It is discussed in more 
detail in Chapter Five. 
 Several dual-arm systems have been built around Kuka’s Lightweight Robots 
(LWR). These systems have been explored in multiple application areas (e.g. [KUKA, 
2012] and [Kinietschke, 2006]) including (recently) human-arm performance [Wolf, 
2011] where recent configurations boast a 7 kg payload. These and similar systems have 
been at the center of a significant effort to evaluate the safety of human-robot interaction 
(e.g. [Haddadin, 2007]), including the effects of collision. 
 Another dual-arm system on the boundary between research and commercial 
viability is Robonaut 2 (R2) developed at NASA in conjunction with General Motors “to 
develop a robotic assistant that can work alongside humans, whether astronauts in space 
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or workers at GM manufacturing plants”. [GM, 2010] Compared to its predecessor the 
recognized performance parameters improved in the second generation were increased 
force sensing, larger workspace, higher bandwidth, and improved dexterity. [Diftler, 
2011] R2 successfully moved in space for the first time in October, 2011. [NASA, 2012] 
 The R2 system uses Series Elastic Actuators (SEA) with custom torsion springs in 
each joint to provide shock tolerance and other benefits from compliance. [Pratt, 1995] 
Strength and precision are maintained by including measured spring deflections in the 
control architecture. As much as possible control capabilities are driven to the low level 
joint controllers – known as Superdrivers. Operational software and decision making at 
the higher level is distributed between two computers communicating via shared 
memory. The first processor is responsible for processing sensor information and safety 
while the second implements the control law and computes kinematics. R2 uses two 
processors with VxWorks
R
 on the same backplane. This is similar to U.T. Austin’s 
emulation system (described in detail in Chapter Five) that uses the real-time Windows 
CE OS to handle kinematics, various peripheral devices, and software modules not 
compatible with Windows CE. While not as robust as R2’s controller, the dual-arm PDM 
system described in this report simplifies new hardware and software integration in a 
research setting. 
1.5.2. Existing Glovebox Automation 
Within the nuclear domain, robotic handling spans the autonomy spectrum to 
include pure tele-operation solutions commonly found in hot cell environments, such as 
Shibuya’s CellPro [Shibuya, 2012] to more traditional factory floor automation, such as 
the Advanced Recovery and Integrated Extraction System (ARIES). [Turner, 2008] 
These systems are illustrated in Figure 1-13. Shibuya’s CellPro is a dual-arm tele-
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operated system designed to replace and perform the same task of a human in sterile, 
glovebox environments. Since tasks are completed using tele-operation, the high-level 
requirements (tolerating uncertainty, collision avoidance, task planning) are the purview 
of the human tele-operator. [Shibuya, 2012] Systems that rely entirely or extensively on 
pure tele-operative control can significantly slow task completion in situations where 
speed may be critical. Tele-operation requires skill on the part of the operator; therefore, 
operators who handle master-slave systems have to be trained before they can operate the 
system. 
The ARIES project uses a Fanuc LR Mate 100i robot that is mounted to the 
interior floor of a glovebox to disassemble plutonium pits containing weapons-grade Pu 
using pre-planned tasks. [Turner, 2008] The ARIES project is process automated, 
meaning that the process is rigid and is fully automated. This type of automation requires 
an environment that is fully controlled. Automation within the Department of Energy 
(DOE) complex is typically inefficient (even if necessary to reduce exposure) or 
expensive and implemented for a single process. Our objective at NRG is to provide 
solutions that deliver the efficiencies of hard automation (but for generalized tasks) and 
the flexibility of tele-operation systems (but with additional autonomy for improved 
efficiencies). Unlike the ARIES system, our PDM system is port-deployed, allowing it to 
be used for varying glovebox tasks. In order to provide robotic solutions to more general-
use gloveboxes, the control systems will need to respond quickly to new task 
requirements, and be capable of operating safely in less structured environments. The 
PDM system must be able to accommodate some ambiguity in the task definition. 
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(a) (b) 
Figure 1-13. Varied Approach to Automation in Gloveboxes: (a) Shibuya CellPro 
[Shibuya, 2012], (b) ARIES, DOE [Turner, 2008] 
 Historically, the idea of using remote systems to handle hazardous materials is not 
new and actual implementation at DOE national laboratories has occurred for decades. 
Often, like the AIRES project, the systems are constructed with very specific applications 
and requirements in mind, so an all-encompassing approach when employing robotics in 
these types of environments does not exist. 
1.6. IMPORTANT TERMS AND DEFINITIONS 
Research in robotics is spread over many disciplines, each with its own lexicon of 
terms and definitions. This can lead to confusion among similar sounding technical terms 
and incorrect assumptions. This problem is only exacerbated by complex requirements 
found in nuclear environments. Before proceeding, it is important to clearly define some 
important concepts used in the remainder of this work. 
Position and Orientation of EEF 
 Knowledge of the location of a robot’s EEF is essential when performing 
autonomous tasks. We can describe a space, i.e. its position and orientation that defines 
the configuration of the EEF for the general case of spatial manipulators. Three Cartesian 
coordinates, x, y, and z, represent the position of the EEF.  
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The orientation of the EEF can be described by three angle rotations, (α, β, γ)T, 
about the global frame that produce the tool frame orientation.  In the Fixed XYZ 
representation, the rotations are about the fixed global frame axes. Thus, there is an α 
rotation about the fixed x-axis, a rotation β about the fixed y-axis, and a γ rotation about 
the fixed z-axis. It is sometimes difficult to visualize how a rotation about a fixed axis 
will change the EEF orientation. [March, 2004]  
For tele-operation tasks, it is more intuitive to use quaternions (commonly 
referred to “Euler parameters”) than Euler angles. Euler angles, such as roll, pitch, and 
yaw have difficulties when applied to tele-operated systems having a master dissimilar 
from the slave. These difficulties stem from the fact that Euler angles introduce artificial 
singularities and that they are not a natural representation for force reflection. [Jansen et 
al., 1991] 
The EEF position and orientation coordinates provide a description of the 
manipulator task or operation and are called task coordinates. While the joint coordinates 
describe the configuration of the entire manipulator, the task coordinates describe the 
configuration of the EEF. The homogeneous transform, a 4x4 matrix containing 
orientation and position information, completely defines the EEF or any other frame’s 
position and orientation. In summary, the position of a rigid body in space is expressed in 
terms of the position of a suitable point on the body with respect to a reference frame 
(translation). The orientation of the rigid body is expressed in terms of the components of 
the unit vectors of a frame attached to the body with respect to the same reference frame 
(rotation). 
Trajectory, Motion, Grasp, and Task Planning 
 The various distinctions between planning algorithms can be confusing and 
unclear. Planning, generally, is the process of mapping or translating between a given 
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initial state and a desired goal state. Trajectory planning, motion planning, grasp 
planning, and task planning can be differentiated based upon the types of states they map. 
They are all briefly summarized here. 
The majority of robots in industry perform pick-and-place operations. That 
amounts to positioning a manipulator at a certain point and orientation, grasping an 
object, moving it over to some other position and orientation, and releasing it. In that 
motion, the manipulator’s EEF traverses some trajectory in such a way so that the rest of 
the structure of the manipulator does not collide with the objects in the workspace. 
During the pick-and-place operation trajectory, the manipulator arm will move from 
some initial position to some desired final position going through some intermediate via 
points. These points (initial, via, and final) are called path points. 
 The trajectory for the robot’s EEF to move through these path points in the 
desired order needs to be found in order for the manipulator to accomplish the pick-and-
place operation. The trajectory is the time history of the position, velocity, and 
acceleration for the EEF (in Cartesian space) or for each DOF of the robot (in Joint 
space).  
 Motion planning adds higher-order kinematics to simple trajectory planning in 
order to generate a complete motion trajectory between two sets of kinematic states. In 
real world applications there are a number of objects in the workspace of the manipulator, 
which for consistency will be called obstacles (they can be moving or fixed obstacles, 
parts of the environment, etc.). The plan for the motion of the manipulator needs to go 
around these obstacles in an optimal way. A motion plan typically provides at least a 
position, velocity, and acceleration trajectory, although it is possible to include higher-
order kinematics as well where very smooth motion is required. In addition to providing a 
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collision free path, a motion plan provides a smooth motion profile and can limits on 
actuator velocities and accelerations.  
 Grasp planning is the process of determining an appropriate EEF state given the 
state of the object to be grasped. The point at the EEF, where linear and angular velocities 
are evaluated, varies with the grasped object. It is difficult to generalize an approach 
because objects can be any shape, can be compliant or stiff, and might be fragile, slick, or 
have any number of other properties that are important in determining an appropriate 
grasp. Also, EEFs can range from simple parallel-jaw grippers to anthropomorphic hands 
with many DOF. The result of a grasp plan includes a reachable pose for the 
manipulator’s EEF that can be passed to the motion planner. 
 Unlike a motion plan, the initial state and goal states for a task plan do not 
describe kinematic states of the robot, but rather the initial and goal states of something in 
the environment. The task plan must then describe a series of robot motions that will 
translate the environment from the initial state to the goal state. A task plan for a 
manipulator can be considered as an aggregated set of motion plans and grasp plans, 
which when performed in a particular order will leave the environment at the desired goal 
state. 
Collision Detection and Avoidance 
 Collision detection algorithms determine when a collision is perceived to be 
imminent. In their simplest form, they may calculate the minimum distance between 
objects and warn of a collision when the distance is less than a threshold value. They may 
also calculate the first and second derivatives in order to characterize the closure rate 
between objects. This can avoid detection of false collisions where the objects are 
moving away from or tangential to each other. 
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 Collision avoidance algorithms change the commanded path of the robot in order 
to prevent a collision while still meeting the performance requirements of a task. 
Collision avoidance algorithms are in sense more powerful than collision detection in that 
they relieve the operator of some additional burden. However, they should be 
implemented carefully since they do cause the robot to follow a trajectory other than what 
was commanded. 
1.7. SCOPE AND OBJECTIVE OF RESEARCH 
1.7.1. Scope 
The purpose of this research is to analyze the requirements of a PDM and address 
selected technical challenges to address these requirements for nuclear material handling 
in a confined environment. It is expected that this effort can benefit systems deployed in 
other settings including flexible manufacturing and mobile manipulation. The 
demonstrations provided in Chapter Five are meant to demonstrate suitability in a general 
radiochemistry glovebox. However, several of the requirements and techniques 
implemented, such as the calibration techniques provided in Chapter Three, are meant to 
be extensible and adaptable to any number of other glovebox and other application areas. 
1.7.2. Building on Previous Work at RRG and NRG 
Both the Robotics Research Group (RRG) and NRG from UT have developed 
several key technologies in robotic manipulation that this work aims to support and 
extend. Agile Planet’s Kinematix technology was initially developed in the RRG as the 
Operational Software Components for Advanced Robotics (OSCAR). [Kapoor, 1998] 
OSCAR is an object-oriented framework for developing control software for intelligent 
machines written in C++. OSCAR is now commercially available as Kinematix. These 
sets of robotic libraries have served as a repository of the robotics control technology 
 42 
developed at RRG and NRG. This control software provides robust kinematic and 
dynamic control capabilities along with a rich set of advanced features for higher level 
function and peripheral integration. In many ways, it serves as a springboard for the 
current research. Kinematix software provides the mathematical, kinematic, and dynamic 
foundations for the robotic control presented in the following chapters. Capabilities 
include collision detection, obstacle avoidance, and some motion planning. Key 
functionality that has or will be developed and/or integrated for use in this research is 
force response and control, autonomous grasping, world modeling, and object 
recognition. Generalized models for kinematics [Thomas, 1982], dynamics [Freeman, 
1988], and compliance [Hernandez, 1996] have been previously developed at UT. The 
majority of this report focuses on serial chain manipulators. 
1.7.3. Objective 
The objective of this research is to safely implement a PDM for nuclear material 
handling tasks. This report identifies the requirements of a PDM (i.e. what must be done 
to successfully implement a PDM system in a DOE national laboratory, such as LANL). 
Table 1-3 summarizes the requirements for PDM deployment discussed in this report. 
The requirements are ranked in order of importance, where 1 is the most important and 
14 is the requirement of least importance. The rankings of requirements that need to be 
addressed for PDM deployment in DOE facilities can change as new issues are revealed 
and as the PDM system is further tested. Table 1-3 states if the requirement is addressed 
in this report, if it is addressed elsewhere (via reference), and what is left for future work. 
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Table 1-3. Summary of Requirements for PDM Deployment for Nuclear Material 
Handling 
Requirements Ranking of 
Importance 
Addressed 
Sleeve design and implementation 4 Included in this report/Future Work 
Deployment and extraction 
procedures 
9 Included in this report 
Workspace analysis and 
simulation 
6 Included in this report 
Peripheral integration 7 Included in this report 
PDM calibration 2 Included in this report 
Collision detection 3 Included in this report 
Failure recovery 10 Lewis and Maciejewski [1994], Pararinsky-
Robson and McCarthy [2009] 
Safety requirements 1 Included in this report 
Human-robotic interaction 
protocols 
12 [Haddadin, 2009], [Ogorodnikova, 2010] 
Long-term radiation exposure 
analysis 
13 Future Work 
Operational testing and 
preparation 
8 Included in this report /Future Work 
Cable feedthroughs to get wires 
into glovebox 
14 Future Work 
Reduction of radiation dose to 
PDM 
11 Future Work 
Motion planning 5 Included in this report, [Rajan, 2001], 
[March, 2004] 
 
These were the primary considerations when determining importance in the table above. 
First, we avoided redundancy with research efforts already completed. Second, we avoid 
technical efforts that could more efficiently be done at LANL or by an industrial partner. 
Finally, we focused on topics that played to U.T. Austin’s area of expertise as well as its 
interdisciplinary capabilities in nuclear and automation engineering. 
1.8. ORGANIZATION OF THE REPORT 
The remainder of this report will be organized as follows: 
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Chapter Two presents a more in-depth literature review of the requirements 
addressed as a part of this effort. These were chosen in Chapter One and include current 
manipulator calibration techniques as well as node based collision detection/avoidance 
and motion planning that a PDM would require. Applications of manipulators in 
radioactive environments and existing dual-arm systems will also be presented. Relevant 
works discussing these the implementation of these requirements will provide an idea of 
PDM performance requirements. 
Chapter Three presents an analysis of the different ways that PDM calibration can 
be performed. For this analysis, it will be assumed that the PDM will be used inside of a 
glovebox and not be used to perform tasks outside of the glovebox environment. The 
ultimate goal of PDM calibration is to determine the base pose of the manipulator relative 
to a known location in the glovebox. 
Chapter Four further discusses certain mechanical and safety requirements for a 
PDM system. These include sleeve design and attenuation, light curtains, stand stability, 
potential radiation hazards, failure analysis, as well as other safety issues. For this effort, 
the emphasis is on feasibility and integrating existing technological solutions that provide 
additional safety redundancies for the system as well as discuss how PDMs further 
improve safety by removing the human operator (and the need to support the human 
operator) from the glovebox. For example, sleeves for robotic systems can be thicker 
since operator dexterity is no longer an issue. However, designs supporting this potential 
benefit must be balanced with maintaining the capability for the operator to participate 
whenever necessary. 
Chapter Five presents relevant demonstrations of the PDM system, which include 
collision detection demonstrations, calibration demonstrations, and different types of 
PDMs (SIA10D deployed through the transfer port and dual SIA5Ds deployed through 
 45 
gloveports). The calibration demonstrations provide a basis for evaluating how well the 
proposed calibration techniques improve the accuracy of the PDM in a glovebox 
environment. 
Chapter Six summarizes the contribution of this research and propose a few areas 
of future work. 
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Chapter Two:  Literature Review 
The following literature review is intended to examine the requirements for 
deploying a manipulator into hazardous environments. Information on how dual-arm 
systems are implemented in practice is also discussed. Also, a familiarity of typical 
manipulator control architecture elements is essential. The specific elements examined 
are calibration, collision detection, and manipulator motion planning. 
2.1. ROBOTS IN HAZARDOUS ENVIRONMENTS 
Implementing robotics to reduce radiation dose to humans are being adapted by 
the nuclear industry at an increasing rate. When working in hazardous environments, 
robotics and remote systems have increasingly become a more popular approach to 
completing a task while avoiding the inherent risks that arise when operators work in 
hazardous environments. Research in the area of remote handling for nuclear materials 
and reactors has followed several avenues. Williams [2011] examined the reduction of 
extremity and whole body dose to glovebox workers through nuclear design principles 
and removing the worker from the environment when possible using automation and/or 
robotics. This work was concerned with reducing time in the glovebox, increasing 
distance between the radioactive source(s), using appropriate shielding, having fewer 
material transfers, and reducing the manual processes or increasing automation in order 
to achieve large dose reductions. Williams concluded that for some glovebox 
applications, such as large-scale 
241
Am recovery, robotics is a feasible solution but may 
not be necessary if large dose reductions are possible through process optimization, 
automation, improved power handling methods, and shrewd shielding solutions. 
 47 
2.2. REDUCING RADIATION DOSE RECEIVED BY ROBOTS 
Research has also been done to reduce radiation dose for robots. Radiation can 
damage the electrical and mechanical components of robots. Radiation can damage 
microchips and sensors, and also corrupt data (bits) in semiconductors. For a robot to last 
long enough in a high radiation environment, it would need not only radiation-hardened 
electronics but also adequate shielding. Fleetwood [2011] describes how radiation can 
ionize atoms and disrupt a semiconductor’s crystal structure and how neutrons will create 
physical damage to the semiconductor crystal. When an energetic particle collides with a 
solid target it deposits energy on the nuclei and on the electrons of the host material. In 
order to protect or “harden” electronics against radiation, there are special processing 
techniques that are used to make the insulators more resistant to when electrons are 
excited by a fast-moving particle in the target material. 
O’Neil [2012] addresses ways to model a spatial “soft” hazard, such as a 
radioactive point-source. By modeling a hazardous workspace environment (e.g. 
glovebox), virtual obstacle recognition and path planning can be implemented to ensure 
that the manipulator takes the hazard-minimized path while completing a task. One can 
determine the optimal location and speed of the PDM with respect to hazardous fields. 
Using similar spatial hazard functions from this research, other “soft” hazards such as 
heat sources could be modeled to help prevent physical damage to the manipulator. A 
more precise model of a radiation source could be developed using Monte Carlo N-
Particle code. With MCNP, different types and shapes of radiation sources could be 
modeled to obtain theoretical data such as neutron flux and dose rates in a glovebox. 
2.3. DESIGN METHODOLOGY: DECISION MATRIX 
In this research, the design, feasibility analysis, and implementation of a 
gloveport-deployable robotic system for glovebox automation is presented. The type of 
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automation best suited for a specific glovebox process needs to be determined. Tele-
operation, fixed, and flexible automation solutions need to be explored for glovebox 
automation. A decision matrix is used in which the application options are evaluated 
against the requirements for glovebox projects in order to improve the tools for 
determining if automation and what type could possibly be implemented. The notation 
(+, 0, -) aptly means positive impact, no impact (or irrelevant), and negative impact. At 
the bottom of the decision matrix table they can be added up (1, 0, -1) to get an early, 
rough, quantitative indication of which design is best based on multiple subjective 
experiential decisions. It is not about whether you can or cannot do something a given 
way, but whether or not the choice has a positive or negative impact on the evaluation 
metrics (i.e. safety, dosage, completion time, precision, if necessary, etc.). While there 
exists numerous descriptions of design methodologies in the literature, such as by 
Thurston [1991], the methodology itself is not the purpose of this research as much as 
improving the tools to make this particular decision using any design selection 
methodology. 
2.4. RETROFITTING A PDM TO A PRE-EXISTING GLOVEBOX 
When deploying a manipulator into a glovebox via a gloveport, great care must be 
taken to make sure that the spread of radiological contamination and excursions of 
contaminants into the operator’s breathing zone are prevented through the use of a variety 
of gloveboxes (the glovebox coupled with adequate negativity providing primary 
confinement). All glove changes at minimum create a minor breach, the resultant of 
which exposes the worker to residual contamination that exists on the surface of the 
gloveport ring and the inner cuff of the glove. In order to minimize contamination when 
deploying the manipulator a seal must be developed that minimizes the exposure between 
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the glovebox and outside environment during the entire deploying/installation process. A 
solution that would even further reduce contamination outside of the glovebox would be 
to have a glove or sleeve pre-installed in the gloveport that the manipulator can slide into. 
This also minimizes the contamination that the manipulator receives which will further 
decrease the radiation damage to the manipulator and increase its working lifetime. Work 
by Rael and Cournoyer [2008] deals with retrofitting gloveports in order to strengthen 
seal integrity and reduce the time required for glove changes. Since the standard LANL 
gloveport ring has an 8” diameter, the manipulator must be sufficiently small to fit. The 
standard size glovebox (1.2 m x 1.2 m x 0.9 m) costs about $50,000 to build, $450,000 to 
install, and $500,000 to remove. The reason for the high installation and removal costs is 
because of the required regulations when working in a nuclear facility. The high costs of 
installation and removal also emphasize the need to be able to retrofit a manipulator to a 
pre-existing glovebox. It can be more expensive to install an “inexpensive” machine or 
item in a glovebox that requires modification of the glovebox than it is to install an 
“expensive” PDM into a pre-existing glovebox. It is not cost-effective to replace a 
glovebox with a new one. By retrofitting a manipulator into a gloveport, operational 
efficiency is improved because operation downtime is mitigated. Significant costs are 
incurred when a glove breach produces a contamination incident due to the loss in 
production, cost of the cleanup, and preparation of incident documentation. Retrofitting a 
manipulator addresses this issue by not having to change out a glove as often. When the 
manipulator is pulled out of the gloveport and sleeve, a gloveport plug, which is 
described by Rael and Cournoyer [2008], can be used as a much safer seal against 
contamination than a glove. 
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2.5. CALIBRATION 
Knowing the location of a manipulator in flexible environments is necessary 
when autonomous tasks are to be performed. Therefore, calibration of the manipulator’s 
position must be performed in order to ultimately determine its base pose. The following 
review of literature is intended to examine different calibration techniques employed in 
various systems. A familiarity with these calibration techniques is essential in order to 
formulate calibration methods to the PDM system and to determine which method is best 
suited for the system. 
2.5.1. Errors in the Robot Zero Position 
The first calibration step to be performed on any industrial robot is to correct the 
positional error due to the error in the robot zero position. This is accomplished by 
returning the robot to its home position and resetting the encoder values. This is often 
performed by the manufacturer before the robot is shipped to the end customer. The 
process may be repeated on a regular basis beginning with the initial robot installation. 
2.5.2. Trauma Pod Calibration 
The Trauma Pod is a remotely controlled, mobile robotic operating room. The 
primary goal of the Trauma Pod is to reduce the wait time for medical aid on the 
battlefield while increasing its effectiveness. Other significant goals of the system include 
the reduction in support personnel and the logistics tail associated with medical support 
activity. The actual hardware in the Trauma Pod is illustrated in Figure 2-1 and a 
screenshot of the simulator is shown in Figure 2-2. Each of the components shown is part 
of a subsystem that interacts with one or more subsystems. 
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Figure 2-1. The Actual Trauma Pod Hardware [Knoll, 2007] 
 
 
Figure 2-2. The Trauma Pod Simulated Workcell [Giem, 2006] 
The subsystems have specific tasks to accomplish as they work together to 
perform complex operations directed by the human surgeon. The following paragraphs 
describe the calibration methods used to achieve high accuracy for the Trauma Pod 
system. 
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Calibration involves identifying the position and orientation of all subsystems in 
the Trauma Pod based on the actual physical layout. The data from a computer-aided 
design (CAD) model provides a starting point. During calibration, the design data 
captured in the world model is modified to reflect the actual configuration of the Trauma 
Pod. Calibration is accomplished by moving the Scrub Nurse System (SNS), which is 
shown in Figure 2-4. At each subsystem, the SNS grasps each lug, and performs a force-
zeroing procedure to determine the real-world location of the lug. Upon finishing this 
procedure, the lug location is sent to the Supervisory Control System (SCS). The SCS 
uses the lug locations to perform a calibration routine and calculate the real world 
position of subsystems. The exact positions of the Trauma Pod subsystems are confirmed 
through manual or automatic calibration. In automatic calibration, SNS commands are 
executed immediately by the SNS. In manual calibration, a human operator is required to 
move the SNS and confirm the successful execution of individual commands. Essentially, 
since the lug was known to be roughly in the right location, the gripper slowly closed on 
the lugs. The force and torques on an EEF 6-axis sensor are zeroed out by adjusting the 
gripper position using inverse kinematics. Only the x, y, and z positions of the lug are 
recorded, and multiple calibration lugs are grasped to ascertain the objects' position and 
orientation in space. 
The Tool Autoloader Subsystem (TAS) shown in Figure 2-3 is attached to the 
Surgical Robot System (SRS) patient-side manipulators and holds the tools. It serves as 
the interface between the SRS and the SNS. After the SNS grabs a tool on one of the SRS 
arms when it needs to be changed, the TAS releases it. The SNS is then free to take the 
tool away by grabbing the lug. When a new tool is loaded, the SNS positions a tool in the 
appropriate place in the TAS. The TAS then locks the tool in place and the SNS releases 
it. The TAS uses sensors to ensure that tools are loaded and unloaded properly. This 
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system also makes it unnecessary for the SNS to exert forces on the SRS during tool 
change operations. 
 
 
Figure 2-3. TAS Holding Tool [Knoll, 2007] 
The SNS is a manipulator designed to perform the duties of the human scrub 
nurse in a typical surgery setting (e.g. give supplies and tools to the surgeon). The SNS 
manipulator is a redundant 7 DOF Mitsubishi PA10-7C manipulator. Figure 2-4 shows 
the SNS at the beginning of a tool change operation where it holds a tool on one side of 
the gripper with the other side empty. 
  
 54 
 
Figure 2-4. SNS at the Beginning of SRS Tool Change Operation [Knoll, 2007] 
The SNS has two grasping mandibles set off from each other. In Figure 2-5, the 
split gripper is shown holding two supply trays, but it can also hold two tools, or one tray 
and one tool. This provides a good illustration of how the gripper grabs objects with the 
universal lug including calibration fixtures. 
 
 
Figure 2-5. SNS Split Gripper [Knoll, 2007] 
The tools and trays used in the Trauma Pod system are designed so that when they 
are grasped by the SNS their relative position to the gripper self-locates to a precise and 
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repeatable position. This is a crucial design feature in the Trauma Pod that enables the 
manipulator to perform the necessary pick-and-place tasks. Also, the calibration process 
requires being able to grasp various flexible calibration lugs on subsystems that have the 
same unique grasping interface that is attached to the tools. During calibration, the SNS 
moves to each subsystem and grips a reference lug. The calibration lugs are flexible so 
that the SNS will still be able to grab them even if their location is not exactly known. 
The precise positions of the subsystems are then found by using a F/T sensor on the SNS 
to zero out the grab forces due to the flexible calibration lugs. Figure 2-6 shows a few of 
the Trauma Pod's calibration subsystem lugs. Key “safe points” and other frames of 
interest may be updated to prevent the SNS from drifting and ensure successful execution 
of preplanned tasks by computing the precise position of each subsystem relative to the 
SNS. [Knoll, 2007] It is important to note that for PDM calibration, objects to be grasped 
in the glovebox do not have to be retrofitted since there are other methods of calibration, 
which will be discussed in depth in Chapter Three. 
 
 
Figure 2-6. Calibration Lugs in Trauma Pod [Knoll, 2007] 
2.5.2.1. Trauma Pod Calibration Software 
Calibration software was utilized to transform a designed position and orientation 
(i.e. pose) of interest to assembled poses. This was accomplished through identifying the 
known poses of the calibration lugs in the Trauma Pod using the SNS. Once the actual 
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pose of the calibration lug was known, all poses of interest could be modified based on 
the measured calibration lug poses. This transformation depends on the subsystem being 
calibrated. The algorithm for this process is described below for calibration of the Tool 
Rack System (TRS) and Supply Dispensing Subsystem (SDS) Fast Cache: 
TRS calibration involved calibrating the TRS lug to determine the TRS location. 
The TRS shown in Figure 2-7 holds 14 tools for the SRS arms, and it rotates allowing 
tools to be taken off of the rack from only one location. 
 
 
Figure 2-7. TRS [Knoll, 2007] 
The TRS has three coordinates of interest. These are: 
i. SNS-TRS-A: Approach pose for the SNS before insertion/removal of a tool. 
ii. SNS-TRS-G: SNS pose at which a tool is grabbed/released (gripper 
opening/closing occurs). 
iii. TRS-BASE-POSE: Position and orientation of the TRS expressed in global 
coordinates. 
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The calibration lug for the TRS is at the same pose as the grab pose for a tool. However, 
it is given a unique name, SNS-TRS-CAL-1-G. In an ideal scenario, SNS-TRS-CAL-1-G 
would equal SNS-TRS-G. The calibration process for TRS involves the following steps: 
1. Compute TRS_CALIBRATION_DELTA:2 
TRS_CALIBRATION_DELTA = SNS-TRS-CAL-1-G – SNS-TRS-G 
2. Modify TRS coordinates of interest: 3 
TRS-BASE-POSE = TRS-BASE-POSE + TRS_CALIBRATION_DELTA 
SNS-TRS-A = SNS-TRS-A + TRS_CALIBRATION_DELTA 
SNS-TRS-G = SNS-TRS-G + TRS_CALIRBATION_DELTA 
Following this procedure provides the three coordinates of interest for the TRS. 
The SDS Fast Cache calibration involved calibrating the Fast Cache (FC) lug to 
determine the FC location. The SDS dispenses supplies to the Trauma Pod. The SDS is 
shown in Figure 2-8. 
 
                                                 
2 These are actually 4x4 transformation matrices. Therefore, the implementation is a little different: 
TRS_CALIBRATION_DELTA = SNS-TRS-CAL-1-G * Inverse(SNS-TRS-G). 
3 Again, coordinate modification is correctly expressed as: 
TRS-BASE-POSE = TRS_CALIBRATION_DELTA * TRS-BASE-POSE 
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Figure 2-8. SDS [Knoll, 2007] 
The purpose of FC calibration is to find its pose in the global frame. This is done by the 
SNS grasping the FC calibration lug and comparing the calibration lug actual grasp pose 
with the designed pose for the FC calibration lug. In addition to the FC calibration lug, 
the FC has five other coordinates of interest. Four of these are local to the FC (i.e. do not 
involve any SNS interaction) and are specified in the FC local coordinate frame. 
Therefore, these four coordinates of interest do not need calibration. The coordinates that 
do need calibration are: 
i. SNS-FC-A: Approach pose for the SNS before grabbing/releasing a tray. 
ii. SNS-FC-G: SNS pose at which a tool is grabbed/acquired (gripper 
opening/closing). 
iii. FC-BASE-POSE: Pose of the FC expressed in global coordinates. 
The calibration lug for the FC is at the same pose as the SNS-FC-G. However, it is given 
a unique name, SNS-FC-CAL-1-G. In an ideal scenario, SNS-FC-CAL-1-G would equal 
SNS-FC-G. The calibration process for the FC will involves the following steps: 
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1. Compute FC_CALIBRATION_DELTA:4 
FC_CALIBRATION_DELTA = SNS-FC-CAL-1-G – SNS-FC-G 
2. Modify FC coordinates of interest: 5 
FC-BASE-POSE = FC-BASE-POSE + FC_CALIBRATION_DELTA 
SNS-FC-A = SNS-FC-A + FC_CALIBRATION_DELTA 
SNS-FC-G = SNS-FC-G + FC_CALIRBATION_DELTA 
Following this procedure provides the three coordinates of interest for the TRS. 
2.5.2.2. Trauma Pod Calibration Analysis 
When relating the trauma pod calibration techniques to possible calibration 
techniques for the PDM, it is apparent that there are both advantages and disadvantages. 
One obvious weakness to the trauma pod calibration method with regards to PDM 
calibration is that certain objects in the glovebox environment cannot be retrofitted with 
flexible calibration lugs. Also, whereas the Trauma Pod system has a specific purpose 
(i.e. surgery) and uses the same set of tools, the PDM system is more flexible in that it 
can perform various tasks and handle multiple tools. It may be possible to have a single 
object in the glovebox, such as a metal fixture, that the PDM could grasp for calibration 
purposes. A force-zeroing procedure, similar to the one performed in the Trauma Pod 
system, could be performed as well to determine the real-world location of the calibration 
fixture with respect to the PDM. 
                                                 
4 Again, these are actually 4x4 transformation matrices. Therefore, the implementation is: 
FC_CALIBRATION_DELTA = SNS-FC-CAL-1-G * Inverse(SNS-FC-G). 
5 Again, coordinate modification is correctly expressed as: 
FC-BASE-POSE = FC_CALIBRATION_DELTA * FC-BASE-POSE 
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2.5.3. Calibration Techniques for Mobile Manipulators 
Hvilshøj et al. [2010] present a high-precision calibration method based on the 
Tsai hand-eye calibration [Tsai, 1989] for industrial mobile manipulators. Hvilshøj 
focuses on the unique localization of a mobile manipulator in relation to a workstation for 
autonomous industrial mobile manipulators. Similar to the Trauma Pod calibration 
method, this method involves dedicated calibration targets placed on the workstation. The 
general principle is shown in Figure 2-9. 
 
 
-------------------------------------------------------- 
 
Figure 2-9. General Principle of Mobile Manipulator Workstation Calibration, Divided in 
a Setup and Operation Phase [Hvilshøj et al., 2010] 
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  The frames included in this calibration include the manipulator frame {M}, the 
EEF frame {E}, the camera frame {C}, the calibration frame {O} that is located at the 
origin of the calibration target, and the workstation frame {W} that is located at the point 
of interest at a workstation and is defined relative to the calibration target ({W}   
 ). To 
determine the transformation between the manipulator and a calibration target placed on 
the workstation, equation 2.1 is used: 
 
  
    
    
    
     (2.1) 
 
This calibration approach allows the mobile manipulator to return to a configured 
workstation and carry out tasks. In the setup phase in Figure 2-9, a task is first configured 
by use of teaching or learning by demonstration at the workstation. When the setup phase 
is completed, the transformations from the workstation frame to the calibration frame (all 
of the configurations of the workstation) are saved.  
In the operation phase of Figure 2-9, which is automated, the mobile manipulator 
returns to an already configured workstation. To compensate for the localization 
tolerances of the mobile platform (i.e. dx, dy, and dΘ), a workstation calibration is 
performed to find      
 . Then using equation 2.2, the required tasks at the workstation 
can be carried out. 
 
     
       
    
     (2.2) 
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2.5.4. Rotating Points Using Rotation Matrices 
For some calibration techniques, it may be necessary to transform a set of 
multiple points from one frame to another. Rotation matrices describe the rotation about 
an axis in space needed to align the axes of the reference frame with the corresponding 
axes of the body frame. As described by Mason [2001], if a point x is represented by its 
coordinates (x, y, z) in the (ū1, ū2, ū3) coordinate frame, the rotated point x' is given by 
the same coordinates taken in the (ū'1, ū'2, ū'3) frame: 
 
     ̅     ̅
 
    ̅
 
     (2.3) 
  (  ̅    ̅    ̅ )    (2.4) 
          (2.5) 
 
so rotating a point is implemented by ordinary matrix multiplication. In the case dealt 
with in Section 3.2.5.2, three points (x1, x2, x3) are being transformed from the {Hand} 
frame (    ̅̅ ̅̅ ̅̅ ̅̅  ,     ̅̅ ̅̅ ̅̅ ̅̅  ,     ̅̅ ̅̅ ̅̅ ̅̅  ) to the {Cam} frame (   ̅̅ ̅̅ ̅̅  ,    ̅̅ ̅̅ ̅̅  ,    ̅̅ ̅̅ ̅̅  ). The three 
points (x1, x2, x3) are being represented by their coordinates (x1, y1, z1), (x2, y2, z2), (x3, 
y3, z3) respectively, so 
 
         ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅     (2.6) 
  (      ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅  )   (2.7) 
            (2.8) 
         ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅     (2.9) 
  (      ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅  )   (2.10) 
            (2.11) 
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         ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅        ̅̅ ̅̅ ̅̅     (2.12) 
  (      ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅̅  )   (2.13) 
            (2.14) 
  
where    ,  
 
 ,  
 
  are the rotated points in the {Cam} frame. 
2.5.5. Calibration of Vision and Force/Torque Sensors 
The calibration of vision and F/T sensors can be carried out in different ways, 
including using Pseudo Linear Regression, also called Least Square method, as well as 
training a neural network using a back propagation method. [Nagachaudhuri et al. 1992] 
The accuracy of these methods improve gradually as an increasing number of data points 
are included. 
2.5.5.1. Pseudo Inverse Approach for Calibration 
For this method, a transformation matrix is derived based on the lease square 
method. If the system of equations is of the form: 
 
         (2.15) 
 
then X can be estimated via least square method by the expression shown in equation 
2.16. [Garg and Kumar, 2002] 
 
  (   )         (2.16) 
 
The Pseudo Inverse of A is (A
T
A)
-1
A
T
. 
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2.5.5.2. Neural Network Approach for Calibration 
Neural network methods involve mapping input output vectors for cases where no 
theoretical model works satisfactorily. A basic feed forward neural network has one input 
and one output nodal layer with one or more internal or hidden layers, and each of the 
processing nodes is usually connected to all other nodes in the adjacent higher level. The 
output of each unit j upon presentation of an input pattern p is determined by transfer 
function Opj = f(netpj). Usually, f is chosen as a sigmoid function. 
 
      ∑            (2.17) 
 
where wij represents link weights and αj is the node’s threshold. When nonlinearities in 
the camera, such as noise and coupling errors, become significant, the Neural Network 
method may provide better results than those obtained via the Pseudo Inverse method. 
[Garg and Kumar, 2002] 
2.5.6. Tool Tip Calibration 
The efficient acquisition and generalization of skills for manual tasks requires that 
a robot be able to perceive and control the important aspects of an object. For many tasks, 
detection and control of the distal end of the object is important for its use. For example, 
the tasks performed with a screwdriver rely on control of the tool’s tip. In many 
instances, the orientation of an object grasped by a robot will be uncertain. Kemp [2006] 
presents a method that allows for the automatic detection, calibration, and control of task 
relevant features of grasped objects, such as tool tips. Kemp’s method performed best on 
tools with sharp tips. 
The tool tip detection method consists of two components. First, a tool tip 
detector finds candidate 2D tool tip positions within the image while the robot rotates the 
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tool within its grasp. Then, the robot’s kinematic model is combined with these 2D points 
into a single 3D estimate of the tool tip’s position in the hand coordinate system. A 
generative probabilistic model, which is described in detail by Kemp [2006], is used to 
estimate the 3D position of the tool tip. Figure 2-10 illustrates the typical tip prediction 
for a screwdriver and hammer. The white cross is centered at the prediction point and 
measures 40 pixels across for scale. The radius of the white circle indicates the tool’s 
mean pixel error. The black cross indicates the hand labeled tool tip. 
 
 
Figure 2-10. Tip Prediction for a Screwdriver and Hammer [Kemp, 2006] 
2.5.7. Robot Metrology 
Robots are becoming an integral part of many modern manufacturing processes. 
This is due to robots’ ability to perform repetitive tasks, while maintaining the flexibility 
to be reprogrammed to perform new tasks. Simulation tools can be utilized to investigate 
robot applications and perform programming off-line using accurate 3D computer 
models. Real-life robotic devices, however, can have inaccuracies up to 10 mm, 
obviously unwanted if product specifications are less than 1 mm. [Kang, 2004] The 
accuracy gap between simulations and real life can be closed with measurement and 
calibration systems. Metrology systems are used to calibrate robotic systems when 
product specifications are less than 1 mm. Metrology implies that an actual measurement 
is taken to quantify robot performance. 
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The RRG developed a noncontact, 3D metrology system to reduce robot 
inaccuracies, which enabled massive cost reduction by utilizing simulation data. [Kang, 
2004] This project is described further in the following section.  
2.5.7.1. Indoor GPS Metrology System 
Indoor GPS is a method of determining pose information of objects in a workcell. 
Robot metrology and calibration are two of the more important uses of an indoor GPS 
system. In both cases the indoor GPS system is a bridge between actual and expected 
data. This technology uses transmission of infrared light and lasers to calculate the 
precise position of a point in space relative to a receiver. Figure 2-11 shows a diagram of 
such an indoor GPS system using either a Space Probe for metrology purposes or a Robot 
Probe for calibration purposes. This Space and Robot Probe solution was developed by 
the RRG for use as an indoor GPS metrology system. The Space Probe is a handheld 
measurement tool where the precise position of the tool tip is calculated in real-time by 
the system. The Robot Probe is a measurement tool that attaches to the robot to return 
pose data as it moves. [Knoll, 2007] 
 
 
Figure 2-11. Indoor GPS System [Kang, 2004] 
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This indoor GPS metrology system is a laser based reverse engineering system. A 
battery-operated transmitter uses laser and infrared light to create one-way position 
information. This information consists of the relative azimuth and elevation from the 
transmitter to the receiver. The receiver uses photodiodes inside its module to sense the 
transmitted laser and infrared light signals. With the addition of a second transmitter of 
known location and orientation, users can calculate the position of the receiver in the base 
coordinate system. The system in the RRG uses four laser transmitters, which maximizes 
it accuracy. [Kang, 2004] The RRG has developed a metrology lab using the indoor GPS 
system as shown in Figure 2-12. 
 
 
Figure 2-12. RRG Indoor GPS Lab Layout [Kang, 2004] 
The basic robot measurement principle for this system involves attaching 
detectors to the EEF on the robot either using the robot probe or attaching detectors 
directly to a robot tool. The robot is then moved to a number of predefined poses. The 
position actually reached compared to the ideal position reached by a nominal robot 
software model is compared. From the difference of these two measurements, 
compensation of performance data can be calculated that can be used to improve 
accuracy or optimize task planning. 
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Glovebox tasks typically do not require global accuracies of less than 1 mm and 
high precision tasks will likely be completed using existing tooling that is only supported 
by the manipulator similar to how an operator would. Therefore a metrology system is 
not necessary to support PDM systems. A high-precision machining task would require 
accuracies less than 1 mm however. Also due to the high costs of many metrology 
systems, many researchers have avoided these systems for calibration. 
2.6. COLLISION DETECTION 
Collision detection is a critical and fundamental requirement for virtually all 
robotic workcells. Detection of collisions as or before they happen is necessary for the 
safety of man and machine. This is especially true in a potentially hazardous 
environment, such as a glovebox. For example, if a manipulator knocked over a can full 
of radioactive material, radioactive dust would disperse in the glovebox. Also, a 
manipulator could damage itself by colliding into a wall or another manipulator. 
However, not all collisions are hazardous. Since robots are designed to interact with other 
objects, some “collisions” are necessary as those encountered during pick-and-place, 
finishing, and welding tasks. 
Collision detection is a direct result of the separation distance output parameter. It 
is executed by calculating all the separation distances between every combination of 
object (i.e., if all separation distances are > 0 there is no collision). For n objects in a 
workcell, this could be as many as n
2
-n distance calculations. When there are no self-
collisions, there are n distance calculations. Complex workcells with many objects may 
deteriorate the computational performance. Other researchers have examined how to 
maximize the efficiency of this algorithm. One way is to not compute distances at all, but, 
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instead, to check whether two objects overlap. For a broader treatment of collision 
detection approaches and algorithms see the survey presented by Jimenez [2001]. 
2.6.1. Geometric Modeling for Performing Collision Detection 
One method to prevent unwanted collisions is to accurately model objects in the 
robot’s workcell. Model-based collision detection performs well for well-structured 
environments with all objects known. This includes the manipulator(s), its surrounding 
environment, and obstacles. Modeling the environment requires a geometric 
representation of the real system using CAD data and/or a collection of primitive shapes 
that approximate the actual shape of the object. CAD models are a good source of 
geometric data.  
Perry [2005] developed the use of primitives to perform collision detection. These 
primitives include spheres and cylispheres, where a sphere is given by a single point and 
a radius, and a cylisphere is given by two endpoints and a radius. For brevity, these 
bodies will be referred to as “spherical shells”. As Figure 2-13 shows, a geometrically 
complex set of objects can be approximated by a collection of spherical shells. To more 
clearly illustrate the distinct spherical shells, the geometric primitive for each shell is 
superimposed over the shell. In the cases where the robot bodies overlap each other even 
though the robot is not colliding with itself, the overlap between neighboring bodies is 
ignored by removing those pairs from the list of possible collisions. It is important to note 
that this is not the case for all pairs of robot bodies. For example, collisions between the 
EEF and base of the robot need to be prevented. Increasing the number of shells used per 
object can improve the accuracy of the geometric model, but at the cost of increased 
computation time for the algorithm.  
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(a) (b) (c) 
Figure 2-13. Spherical Shell Modeling of a Mitsubishi PA7 Robot: (a) Mitsubishi Robot 
(b) Cylisphere Model (c) Approximate Envelope 
After modeling using geometric objects, the next step is to calculate the minimum 
distance between any two objects. Perry developed the mathematics for calculating the 
shortest distance between the surfaces of two primitives, where the witness points are the 
two closest points between the primitives. 
2.6.2. Trauma Pod Collision Detection 
Both collision detection and obstacle avoidance were implemented into DARPA’s 
Trauma Pod project. As discussed previously in section 2.5.2, the Trauma Pod system is 
designed to perform the duties of a human scrub nurse in a typical surgery setting. Since 
many objects in this system are moved or removed, handling of these temporary items 
correctly is a requirement prescribed for the modeling of the Trauma Pod. Every 
unwanted collision in the system should be detected. The collision detection algorithm in 
the Trauma Pod system detected every collision except link attachments where 
“collisions” occur because of the attachment of consecutive robot links or from a robot 
holding a tool or tray. These types of “collisions” are not considered to be unwanted 
collisions. In order to not detect these types of “collisions”, [Knoll, 2007] removed pairs 
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of classes from the response table. This was accomplished in the Software Library for 
Interference Detection (SOLID). The SOLID library is distributed both commercially and 
open-source under the general public license, and like many polygonal collision detection 
techniques, the SOLID implementation exploits temporal coherence. Temporal coherence 
means that the states of objects in the environment do not change rapidly with respect to 
time. [Van den Bergen, 2003] Special functionality was built into the subsystem layer of 
the collision detection to permanently remove pairs where consecutive links join and to 
automatically remove tool-gripper pairs as tools/trays transfer from one subsystem to 
another. Since the PDM and Trauma Pod systems are similar in that they both involve a 
manipulator/tooling system in an environment with temporary items, this type of collision 
detection is incorporated into the research presented in this report. Doing this ensures that 
collisions detected by SOLID are truly of concern to the PDM operation inside the 
glovebox environment. 
It is apparent that temporary item handling must be built into the design of 
collision detection for the PDM system. Therefore temporary item handling is managed 
on the subsystem level where each subsystem maintains its own set of items. If an item's 
location is updated or if the item is removed from the system, collision detection must be 
updated. An item becomes “invisible” to the collision detection model if it is removed 
from the glovebox environment. 
It is evident from Knoll that ignoring collisions on the workcell level is 
accomplished by maintaining a list of pairs of objects that are to be ignored. Pairs may be 
added or taken away from this list at any time by calling a function from the collision 
detection main class that starts or stops their collision ignorance. Collisions between all 
objects are still detected by SOLID but every time one is registered in the response 
callback, the pair of objects involved is compared to the list of object pairs to be ignored. 
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If there is a match, then the response callback exits as if no collision had occurred. This 
solution is not ideal however, since computation time is wasted in computing collisions 
that are ignored. However, the potential performance degradation does not pose a 
problem for the PDM system as long as the number of collisions being ignored is few. 
2.7. MOTION PLANNING 
How can a robot decide what motions to perform in order to achieve goal 
arrangements of physical objects? This capability (i.e. motion planning) is necessary 
since a robot accomplishes tasks by moving. The ability to automatically plan collision-
free motions for a manipulator given geometric models of the manipulator and the task is 
a key capability for autonomous systems. The motion planning problem is to find a path 
from a specified starting robot configuration to a specified goal configuration that avoids 
collisions with a known set of stationary obstacles. Motion planning is important, but it is 
beyond the scope of this effort and is therefore only briefly discussed here. 
An essential component of a motion planner is the trajectory generator. There are 
two main forms of trajectory generation, joint space planning and Cartesian space 
planning. In joint space planning, each joint is treated as a one DOF system, and a full 
trajectory is computed for each joint individually. Joint space planning does not allow for 
EEF control throughout the motion. Rajan [2001] discusses common methods for 
generating smooth single joint trajectories. In order to generate EEF trajectories, 
Cartesian space planning is used. This type of trajectory planning is especially useful for 
tasks that require the EEF to be constrained to certain motions. For example, a canister of 
plutonium powder must remain upright throughout its entire movement. Techniques for 
generating Cartesian space trajectories can be found in March [2004]. 
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2.8. LITERATURE REVIEW SUMMARY 
This chapter explored different calibration techniques with the purpose of 
defining sufficient localization of a manipulator in relation to its workspace. Calibration 
is a high-priority requirement in order for a PDM to safely and successfully accomplish 
tasks. Calibration techniques for the Trauma Pod and mobile systems were discussed. 
This chapter also briefly covered the basic principles of model-based collision 
detection. For collision detection, geometric information is required about all potential 
obstacles. Without an accurate and comprehensive model of the robot’s environment, 
there is little hope that the robot will safely and effectively carry out tasks. Geometric 
primitives were discussed as a means for collision detection, with the primitives either 
being points or line segments. If the primitive is a point, the body is a sphere. If the 
primitive is a line segment, the body is a cylinder with spherical endcaps or “cylisphere”. 
As a result, the complete geometric model of the robot and its environment at any instant 
can be represented by a list of bodies, the respective body types (i.e. point or line 
segment), the locations of the end points on each body, and the radius associated with 
each body. 
It was shown that the motion planning problem, i.e. moving the robot from an 
initial to final configuration along a path that avoids collisions, is quite a bit harder than 
the collision detection problem, i.e. detecting whether a known robot configuration or 
robot path would cause a collision. Motion planning is also different from obstacle 
avoidance: modifying a known robot path so as to avoid unforeseen obstacles. 
When coming up with a list of requirements for implementation of a PDM 
system, it is apparent from this literature review that calibration, collision detection, and 
motion planning are essential components to ensure safe PDM operation. While the 
Trauma Pod calibration method involving grasping calibration lugs on objects is both 
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flexible and accurate, it is not ideal for PDM use since many glovebox objects cannot be 
retrofitted with these lugs. A vision-based calibration method that is more relevant to 
PDM systems is discussed in Chapter Three. This calibration method utilizes similar 
techniques and algorithms discussed by Hvilshøj et al. [2010]. SOLID libraries are 
utilized for model-based collision detection in the PDM system and have been 
demonstrated to work sufficiently well (see Section 5.3.1). Motion planning techniques, 
such as joint space planning and Cartesian space planning, are utilized to ensure safety 
while PDM task completion. Choosing the appropriate motion planning technique is 
crucial for successful task completion and safety. 
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Chapter Three:  PDM Calibration 
Once a PDM is placed into the quasi-dynamic glovebox environment, it needs to 
be calibrated so it can perform tasks with manufacturing accuracy. The purpose of this 
chapter is to discuss the nontrivial calibration of a PDM. Experimental methods to 
calibrate a PDM are presented, and measurement errors are estimated and discussed. It is 
assumed that the manipulator is already deployed through a glovebox port before 
calibration is performed. Before calibration, the software can ask the operator for 
calibration input, such as what gloveport the PDM is in. Once inserted into the gloveport, 
the base frame location is known within several centimeters. Calibration of the PDM 
further reduces the error on the base frame location. Calibration of a PDM inside of a 
glovebox is extremely important for several reasons. One reason is that the glovebox 
environment is not static; objects inside the glovebox can be moved by the PDM as well 
as by human operators. Objects within a glovebox are analogous to obstacles. These 
objects/obstacles must be avoided by the PDM unless they need to be manipulated by the 
PDM in order to complete the task. It is also important to know, for collision detection 
purposes, the position of the PDM with respect to the glovebox walls, viewing ports, 
transfer ports, and the other PDM if a dual-arm system is employed. It is important to 
note that no amount of calibration will make the robot perfectly accurate, but it should be 
maximized and numerically quantify this accuracy. The robot should be capable of 
calibrating itself with minimal to zero human involvement. 
In order to determine the base pose of the PDM, its tool point must be found. 
Once the tool point is known, the base pose of the PDM can be calculated since the 
manipulator’s joint angles are known. PDM calibration is especially important since each 
glovebox has multiple gloveports that the PDM could be deployed in and there are 
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gloveboxes that vary in size and shape. The calibration techniques discussed in this report 
include calibration in design, a point calibration tool, calibration in configuration, 
calibration with permanent and non-permanent fixtures, and calibration with vision. 
Once one PDM is calibrated, calibration of the other PDM can be accomplished 
either by repeating the same calibration method or by the non-calibrated PDM interacting 
with the PDM whose base pose is known. The advantages and disadvantages of each 
calibration technique are discussed. The practicality of utilizing certain calibration 
techniques, such as calibration with a fixture, will largely depend on the type of glovebox 
environment that the PDM is deployed in. Since gloveboxes are unstructured 
environments, the state of a glovebox environment depends on the specific applications 
that are performed in the glovebox. The type of PDM system will also affect calibration. 
For example, compliant systems may not need calibration, but they are typically less 
precise than industrial manipulators. 
3.1. CALIBRATION PRINCIPLE 
The purpose of PDM calibration is to determine where the PDM is with respect to 
the rest of the glovebox. This can be determined by knowing the PDM’s base 
pose/location/frame with respect to a fixed, known location of the glovebox. The base of 
the manipulator is typically fixed in the environment. The PDM’s base pose can be 
determined if its joint positions and EEF position are known. The joint positions are 
known from joint encoders and the EEF location is known from the manipulator’s 
forward kinematics. Self-calibration ensures the defined frames of interest are correct 
with respect to the PDM’s base frame. It is assumed that the PDMs geometry and 
Denavit-Hartenberg (DH) parameters are known. 6 
                                                 
6 DH parameters are the four parameters associated with a particular convention for attaching reference 
frames to the links of a spatial kinematic chain. [Craig, 2004] 
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3.2. CALIBRATION TECHNIQUES 
The most accurate way of calibrating the PDM is most likely to have the 
manipulator clamped to a gloveport. However, since the PDM must isolate system 
dynamics from the glovebox, the PDM cannot be clamped to the gloveport. Other 
calibration methods that do not link the PDM’s dynamics to the glovebox must be 
explored. Various calibration techniques are discussed below. 
3.2.1. Calibration in Design 
The calibration in design method would involve having pins/sensors outside of 
glovebox that can be retrofitted to gloveports. An advantage of this method is that these 
sensors can be retrofitted to the cold side of the glovebox. A noncontact foam ring with 
three piezoelectric sensors could be designed to provide a means for calibration. 
Piezoelectric sensors generate a voltage when deformed and can be used to measure 
pressure, acceleration, strain, or force. For calibration, one can look at the deflection of 
the sensors to know where the PDM is located with respect to the gloveport. An 
asymmetric change of deflection can be detected. An advantage of piezoelectric sensors 
is that they are small in size (comparable to the size of a paper clip). They also have high 
natural frequency, which makes them ideal for dynamic applications. If the foam ring 
were to shift its position during calibration or PDM operation, calibration errors could 
result. If an operator were to install the sensors incorrectly, the calibration results would 
be incorrect. Therefore, great care would need to be taken in the installation in order to 
ensure precise calibration results.  
Another design that could be used for calibration purposes is to have linear 
position encoders with springs around the gloveport entrance. This would give the 6 DOF 
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position of the PDM. Both of these general designs could potentially have a double use: 
one is to calibrate and obtain the location of the PDM with respect to the glovebox 
environment and the other is that the piezoelectric sensors or linear encoders would 
detect any unwanted deflections in the PDM system during its operation.   
3.2.2. Point Calibration Tool 
Another calibration method is to use a point calibration tool. A fixed point on a 
flat surface such as a table or glovebox floor is chosen and marked with a fiducial 
marker. The fiducial marker’s position relative to the world frame is known. The 
calibration marker needs to be within the PDM’s workspace. The PDM can then be tele-
operated until the point of the calibration tool, pictured in Figure 3-1, comes in contact 
with the marker. The transformation from the tip of this tool to the base of the robot is 
computed using the manipulator’s forward kinematics whose parameters are supposed to 
be known. 
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Figure 3-1. Fiducial Marker Calibration Tool 
For this calibration method, the x-axis y-axis of the EEF frame (XEEF and YEEF) 
are parallel to the ground and the z-axis of the EEF frame (ZEEF) is perpendicular to the 
ground. XEEF, YEEF, and ZEEF are tool frame coordinates. This method requires a skilled 
operator to tele-operate the PDM in order to produce accurate calibration results.  
3.2.3. Calibration in Configuration 
The calibration in configuration method would involve having an object that the 
PDM could pick up and use to contact a corner of a glovebox. One would then acquire 
six readings (forces and torques along the x, y, and z axes) with a F/T sensor. Since the 
locations of the glovebox corners are known, one could zero out the forces on the sensor 
while the PDM has the object in a corner in order to determine the location of the PDM’s 
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base frame relative to the corner and the rest of the glovebox environment. This method 
has the advantage of being discrete – the object to be picked up does not have to take up a 
lot of room. A major disadvantage is that the PDM may not be able to reach it depending 
on its deployed location. For example, a PDM deployed through an upper tier gloveport 
would have a much more difficult time picking an object up from the glovebox floor and 
contacting a glovebox corner than a PDM deployed through a lower tier gloveport. 
Another difficulty with this calibration method is that the transformation from the PDM’s 
tool point to the location on the object that is contacting the glovebox corner needs to be 
known. One way to achieve this is to have an object that can be picked up in a repeatable 
orientation. 
Force management is demonstrated using an ATI Gamma six-axis F/T sensor. 
The F/T sensor is mounted at the wrist of the manipulator, after its last joint. These 
sensors can be used to control the contact force between the robot and its environment, 
detect tool collisions, assess loads, and offer tactile world model augmentation. Collected 
data from the ATI Gamma six-axis F/T sensor is filtered through a simple averaging 
filter. A Robotiq EEF/gripper is mounted at the end of the manipulator for grasping as 
shown in Figure 3-2. The sensor has a fixed relationship to the last frame of the 
manipulator or EEF frame. The sensor frame is located at the center of the six-axis sensor 
and is oriented as marked by the manufacturer. The transformation from the F/T sensor 
frame to the EEF frame is shown in equation 3.1. This transformation is accomplished by 
first rotating 180
o
 about the x-axis and then rotating -90
o
 about the z-axis in the sensor’s 
frame. The sensor frame is shown relative to the EEF frame in Figure 3-2. 
 
     
    [
   
   
    
]     (3.1) 
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Figure 3-2. Force/Torque Sensor and EEF Frame Assignments 
 The Robotiq gripper is attached to the end of the sensor as shown in Figure 3-2. 
The EEF frame is attached to the Robotiq gripper with the x-y plane parallel to the palm 
of the gripper as shown in Figure 3-2. The EEF frame is fixed relative to the sensor 
frame. The x-axis points in the opposite direction of the Robotiq’s fixed finger/thumb. 
The origin of the EEF frame is located at the center of the palm of the Robotiq gripper.  
 The ATI Gamma six-axis F/T sensor rated loads and measurement uncertainty are 
provided in  
Table 3-1 and Table 3-2 respectively as described in the ATI F/T sensor certificate of 
calibration. 
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Table 3-1. Rated (Full-Scale) Loads 
Fx Fy Fz Tx Ty Tz 
65 N 65 N 200 N 5 N-m 5 N-m 5 N-m 
 
Table 3-2. Measurement Uncertainty (95% Confidence Level, Percent of Full-Scale 
Load) 7 
Fx Fy Fz Tx Ty Tz 
1.25 % 1.25 % 1.00 % 1.25 % 1.25 % 1.25 % 
3.2.4. Calibration with Fixture 
In a similar manner to how the Trauma Pod was calibrated (see Section 2.5.2), 
fixtures can be used in the glovebox for calibration. These fixtures could be both 
permanent and non-permanent calibration devices. Non-permanent fixtures can be taken 
in and out of a glovebox. This calibration technique requires that at least one fixture that 
the PDM can reach is present in the glovebox no matter its orientation or gloveport 
location. Therefore multiple fixtures within the glovebox during calibration may be 
necessary. The advantage of using a non-permanent fixture is that one could place it in a 
certain location so that the PDM in any gloveport could reach the fixture. If there are dual 
PDMs and one fixture is present, the fixture would need to be in both manipulators’ 
workspaces, unless one is using coordinated dual-arm control to calibrate one PDM using 
the other after its calibration. The disadvantage of calibrating with fixtures is that fixtures 
take up space in a glovebox and would be obstacles after calibration. Using removable 
fixtures would eliminate these two issues. 
                                                 
7 The measurement uncertainty values are the maximum amount of error for each axis expressed as a 
percentage of its full-scale load. 
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3.2.5. Calibration with Vision 
Vision calibration is the primary method examined for this effort. Vision-based 
calibration does not introduce new items into already cluttered glovebox. The vision 
system can be placed on the cold side of the glovebox, outside the viewport. Calibration 
time is reduced, and it does not require an external F/T sensor. It requires little user input 
compared to other calibration methods. The algorithm used to compute the 
transformation between the vision system and base frame of the PDM involves relatively 
simple arithmetic, including 4x4 homogeneous transformation matrices. A one-time 
calibration of the vision system used would need to be performed, since error in vision 
system accuracy affects overall calibration accuracy. 
The vision system used in this report is the Microsoft Kinect, which is a low-cost, 
RGB-D camera that captures RGB images and per-pixel depth information. RGB-D 
cameras capture of reasonably accurate mid-resolution depth and appearance information 
at high data rates. Figure 3-3 shows an example frame observed with the Kinect camera. 
As can be seen, the sensor provides dense depth estimates. Black pixels in the depth 
image have no depth value, mostly due to occlusion, distance, relative surface angel, or 
surface material. However, RGB-D cameras have some important disadvantages with 
respect to 3D mapping: they provide depth only up to a limited distance (typically less 
than 5 m), their depth estimates are noisy (~3 cm at 3 m depth and ~7 cm at 5 m depth), 
and their field of view (~60
o
) is far more constrained than that of laser scanners 
commonly used for 3D mapping (~180
o
). [Henry et al., 2012]  In general, data should be 
acquired within 1-3 m distance to the sensor. At larger distances, the quality of the data is 
degraded by the noise and low resolution of the depth measurements. [Henry et al., 2012]  
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Figure 3-3. (Left) Depth Information and (right) RGB Image Captured by a RGB-D 
Kinect Camera 
In Figure 3-3, the color gradient is mapped in a manner so that red represents 
objects that are closer to the camera and purple represents objects further away from the 
camera. The gradient begins at red and works around through orange, yellow, green, and 
blue, and purple. 
The raw accuracy of the Kinect vision system is within 1.5 cm. This is the best 
case scenario since any math propagates errors through. There are several sources of 
error, including noise in the detection process. 
3.2.5.1. Tele-operate EEF to Kinect 
A simple but crude calibration method involving the Kinect is described in this 
section. First, the location of one of the 3D depth camera sensors on the Kinect is 
assumed to be known. Then the PDM is tele-operated so its EEF is almost touching the 
3D depth sensor on Kinect camera. The PDM’s handpose is then recorded. One can then 
determine the PDM’s base pose and location. A disadvantage of this method is that it can 
only be performed if the Kinect is within the PDM’s dexterous workspace. This means 
that the vision system needs to be within the glovebox environment. This method is 
similar to the point calibration tool method discussed in Section 3.2.2 The Kinect 
coordinates are shown in Figure 3-4. 
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Figure 3-4. Kinect with Frame Assignments8 
3.2.5.2. Identifying Three Points on Gripper Using Depth Information to Find 
Base to Camera Transformation 
For this vision-based calibration method, three fixed points on the fingertips of 
the Robotiq gripper are identified. The three fingers of the Robotiq gripper are opened as 
wide as possible for better calibration results. Only the depth image from the Kinect is 
used for calibration to avoid errors resulting from mapping the RGB and depth cameras 
of the Kinect. The integration of the depth and color data requires the orientation of the 
RGB camera relative to the depth coordinate system.9 Before selecting the three points, 
the user will be asked to tele-operate the manipulator so that the fingers can be seen 
easily by the Kinect depth camera. Figure 3-5 illustrates the calibration process of 
                                                 
8 The Kinect infrared coordinate system is defined at the perspective center of the infrared camera and is 
actually slightly behind the infrared camera (located near the center of the case). 
9 The integration of the depth and color data requires the following parameters: three rotations between the 
RGB and depth coordinate systems, the 3D position of the perspective center of the RGB camera in the 
coordinate system of the infrared camera, as well as the interior orientation parameters of the RGB camera 
(i.e. focal length, principal point offsets, and lens distortion). [Khoshelham, 2012] 
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selecting the three Robotiq fingertips in the Kinect depth image. The color gradient in 
Figure 3-5 is similar to the one used in Figure 3-3. 
 
 
Figure 3-5. Image from Kinect Vision Sensor with Calibration Points Selected 
The homogeneous transformation equations of the form AX = ZB determine the 
robotic configuration shown in Figure 3-6. The hand or gripper position and orientation 
are determined by observing tool feature points with a camera. The manipulator’s 
specific forward kinematics, which is known, is used to find B. Kinematix software is 
used to obtain the EEF position and orientation. Transformation A is computed following 
the steps (a-d) below. The transformation X is solved in a similar manner to A. The 
transformation Z is unknown.  
 
           (3.2) 
 
    
         
        
         
        (3.3) 
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        (3.4) 
 
Let P
Hand
 define the representation of a point in the coordinate system {Hand}, 
and P
Cam
 define the representation of the point in the coordinate system {Cam}. Then let 
    
     define the transformation that converts the representation of a point in the 
coordinate system {Hand} into its representation in the coordinate system {Cam}, such 
that P
Cam
 =     
      PHand. 
 
Figure 3-6. Robot/Camera Calibration Configuration 
An algorithm to construct the definition of the frame     
     from the three points, 
  
    ,   
    , and   
    , such that   
     is at the origin of {Cam},   
     lies 
somewhere on the positive x-axis of {Cam}, and   
     lies near the positive y-axis in the 
x-y plane of {Cam}, is shown in steps (a-d) below. The order of selection of   
    , 
  
    , and   
     are important to completely define the {Hand} frame. The Robotiq 
gripper in its calibration configuration is shown in Figure 3-7 with the three selected 
points. This configuration ensures that the fingertips are at their maximum distance from 
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one another. The transformation that needs to be determined is [     
        
    
    
], where 
    
     is a 3x3 rotation matrix (     
     = [     
    
 ,     
    
 ,     
    
 ]) and     
     is a 3x1 
translation vector. 
     
 
Figure 3-7. Three Selected Points on Gripper with EEF Frame Coordinates 
(a) The point   
     is translated to the origin of {Cam}, so 
 
    
       
         (3.5) 
 
(b) To find     
    , the properties of orthogonal matrices are used. Unit row vectors 
of     
     rotate into the principal axes. The x-axis points from   
     to   
     
and must have magnitude 1, so 
 
    
    
  
  
       
    
‖  
       
    ‖
    (3.6) 
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(c) The z-axis must be orthogonal to the x-y plane, must have magnitude of one, and 
must be such that   
     is at the origin of {Cam}, so 
 
    
    
  
(  
       
    ) (  
       
    )
‖(  
       
    ) (  
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   (3.7) 
 
(d) The y-axis must be chosen to make a right-handed frame, so 
 
    
    
      
    
      
    
     (3.8) 
 
 The      
   ,      
   , and      
   components of X are based off the respective 
translations to the point   
     from the EEF toolpoint. Using a 3D CAD model of the 
Robotiq gripper, these components were found to be 83.6 mm, 0 mm, and 207.5 mm 
respectively. These values were experimentally verified on the actual gripper and were 
shown to be repeatable. The magnitudes calculated in equations 3.6 and 3.7 should be the 
same when calculating X and A, since the finger locations are fixed.  
 Once A (     
    ), X (      
   ), and B (      
   ) are all known, Z (     
    ) can be 
computed using equation 3.4. It is important to note that the transformations are 
calculated using the following order of multiplications (from left to right): translation * 
Rz * Ry * Rx. Using Z, the Kinect coordinates can be transformed into world ({Base} 
frame) coordinates. Once     
     is known, a fixed object whose location is known with 
respect to the environment can be selected by the user via the Kinect. The manipulator 
can then approach and grasp the object. Once the manipulator has grasped the fixed 
object, the location of the manipulator with respect to its environment is known. To 
improve the accuracy of this calibration method, one can move the EEF to different 
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orientations while keeping the robot’s base fixed, determine the new     
     and      
    at 
each orientation, and then compute     
     using an average of these components. 
 This algorithm was first tested in simulation, since the necessary transformations, 
including     
    , are known initially. The resulting     
     matrix matched the expected 
    
    . The camera location, base location, and configuration of the manipulator were 
changed several times, with the algorithm working each time. The simulation setup is 
shown in Figure 3-8. Each x-axis is red, y-axes are blue, and z-axes are green. Simulation 
also provided insight into the feasibility with respect to lines of sight and manipulator 
motions, which should be minimized in uncalibrated states. 
 
 
Figure 3-8. Simulation of Calibration with Vision 
3.2.5.3. Identifying Two Points on Gripper 
In an ideal situation, only two distinct points on the gripper would be necessary to 
obtain the 4x4 homogeneous transformation Z, as illustrated in Figure 3-9. However, it is 
 91 
a more difficult problem mathematically and multiple solutions are identified using this 
method. Two gripper fingertip positions, xg1 and xg2, with respect to the robot’s world 
frame {Base} are selected. One would find xg1 and xg2 using the Kinect vision system. 
With respect to the robot’s coordinate system, {Base}, the camera frame, {Cam}, remains 
stationary. The gripper and robot remain stationary as well. The gripper tool points, xg1 
and xg2, appears in {Cam} at TC ( xg1 ) and TC ( xg2 ). The vectors from {Base} to xg1 and 
xg2 are TB( xg1 ) and TB ( xg2 ) respectively. 
The resulting set of equations in 3D space to find Z is shown in equation 3.9. 
 
[
  (   )
  (   )
]  [
  
  
] [
  (   )
  (   )
]  [
 
 
]   (3.9) 
 
where   and t are the rotation and translation components of the transformation matrix Z 
respectively and 0 is a 3x3 zero matrix. TC ( xg1 ) and TC ( xg2 ) are known from the Kinect 
depth image, and TB( xg1 ) and TB ( xg2 ) are known using the manipulator’s forward 
kinematics. There are 6 unknowns (3 translations and 3 rotation matrix components) and 
6 equations. There will not be a single distinct solution to this set of equations. 
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Figure 3-9. The Geometry of the Two Gripper Points Estimation Problem 
While calibration could be performed using visual measurements of any point on 
the kinematic chain, the Robotiq gripper is used for several reasons. A visual 
measurement point distant from the wrist axes provides a reference point for motions in 
the wrist roll, pitch, and yaw axes. It is possible for the Robotiq gripper to not be 
observable and well defined depending on the relative pose between the Kinect and the 
gripper. The gripper should be opened to a repeatable open, wide configuration. 
 Central to this task of finding the transformation of {Base} frame to the {Cam} 
(i.e. Z) frame is the accurate localization of the two calibration points, xg1 and xg2, on the 
Robotiq gripper. For reasons discussed in the previous section, only the Kinect depth 
image would be used. 
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3.2.5.4. Visual Servoing 
The task in visual servoing is to control the pose of the manipulator’s EEF using 
visual information (i.e. features) from the image. There has been considerable work done 
demonstrating methods for real-time 3D object tracking based on the integration of 3D 
range and color information. [Nakamura, 2011] The camera’s 3D range and color 
information have to be integrated using depth and color cameras intrinsic parameters and 
relative transformation between the cameras. The camera must be carefully calibrated to 
get accurate visual servoing results. Burrus [2012] presents one method to calibrate a 
Kinect using a chessboard pattern. It is important to note that these calibration parameters 
will vary on different Kinects. After camera calibration is performed, the target region 
can be tracked by processing depth pixels with color information. However, since the 
Kinect’s depth and color cameras are located in different places, correspondence errors 
frequently occur near the boundaries of different object surfaces. Therefore, due to this 
occlusion problem, some pixels in the depth color image might include false or 
misleading color information. A remedy to this problem is to utilize a probabilistic 
approach to represent a tracked object, such as a particle filtering framework as described 
in detail by Nakamura [2011]. Visual servoing is a key research area in robotics, because 
every frame in which the target is successfully tracked provides more information about 
the identity and the activity of the target. 
If a camera is placed in a location where its position and orientation is unknown 
with respect to the world frame, {World}, visual servoing can be utilized to find the 
transformation between frames. A proof of concept to demonstrate this calibration 
method is described. The tracked object will be a sphere rigidly attached to the EEF. The 
sphere needs to be attached in such a manner that the location of the sphere with respect 
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to the {World} frame is known. This sphere will be autonomously recognized and a 
center point will be selected by a camera that provides 3D color and range information. 
To make color information of the tracked object clearer, the sphere can be wrapped in a 
colored reflector. Visual servoing is possible to perform with only using depth 
information as long as the tracked object is distinguishable from the robot and workspace 
environment. The smaller the sphere, the more accurate the calibration results will be, as 
long as the sphere is still easily detected by the camera. An algorithm for this method is 
outlined below. Figure 3-10 gives an illustration of this calibration method. 
1. The sphere is identified and a tracking point is selected by the camera. 
2. The EEF of the robot is slowly moved in Cartesian space. 
3. A while loop is executed, moving the robot until the x and y positions of the 
tracking point in the {Cam} frame are zero. 
4. Since the tracking point is now aligned with the camera’s z-axis, the direction 
of the z-axis can be determined by moving the tracking point along the z-axis using trial-
and-error. 
5. After completing steps 1-4, the transformation from {World} to {Cam} frames 
is calculated using equation 3.4. 
No knowledge of the camera position or orientation is needed for this type of 
calibration. The ability to perform autonomous object recognition is necessary to track 
the sphere and find the transformation between {World} and {Cam} frames 
autonomously. 
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Figure 3-10. Finding {Cam} to {World} Frame Transformation Using Visual Servoing 
3.3. FORCE/TORQUE SENSOR CALIBRATION 
Before presenting the calibration setup, a few calculations are presented regarding 
F/T sensor calibration. In order to gather meaningful force and torque data, the F/T 
sensors must be calibrated. Notes on sensor calibration are presented. The signal provided 
by the sensor contains noise and must be filtered to minimize the noise. Schroeder [2010] 
presents a method of filtering and methods for isolating the forces due to contact from the 
total measured force.  
The six-axis F/T sensor outputs the number of “counts”, which must be converted 
to force and torque units. Determination can be performed by applying known forces or 
torques in known directions and recording the counts and the forces. A plot of the forces 
versus counts should form a line; the slope of this line is the force per counts. A vertical 
axis offset reflects a sensor offset. 
Ma [1995] presents a method to find the actual joint torques from the measured 
joint torques, τm, torque offset, τo, and torque gain, τg. The actual torque, τ, is related to τm 
by equation 3.2. 
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             (3.10) 
 
The joint torque gain, τg, is found by comparing a known torque to the sensor 
measurement under the load of that torque for each joint. To find the value of the torque 
offset, each joint is moved through its full range while the rest of the joints are held 
stationary. The resulting joint position versus joint torque is sinusoidal as shown in 
Figure 3-11. This sinusoid should be centered about zero because there is a maximum 
torque due to gravity on either side of a particular joint configuration. 
 
Figure 3-11. Example Joint Torque Offset [Schroeder, 2010] 
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3.4. PROBLEM FORMULATION 
The proposed vision-based calibration technique is capable of obtaining accurate 
EEF positioning for applications where it may be desirable to deploy a system that 
completes tasks requiring accuracy. One such application is if there is an object of mass 
M located on a worktable at an unknown location that is to be moved to a different, 
specified location on the worktable. The motion to be carried out should be completed 
such that no slippage occurs. The motion can be achieved with the help of a vision sensor 
and F/T sensor. The vision sensor, mounted above the work space, gives the image of the 
worktable. The F/T sensor is mounted on the wrist of the manipulator. The vision sensor 
needs to be calibrated with respect to the global axis of the manipulator. 
Information obtained from the vision sensor is used to determine the position and 
orientation of the object that is located on the worktable. In order for the manipulator to 
pick up the object, they need to know exact coordinates of the point where the gripper 
should move to pick up the object. In order to accomplish this task, the location of the 
object that the manipulator would grasp is determined in camera coordinate frame and 
then transformed to global coordinates.  
The F/T sensor gives the payload information of the grasped object. Change in 
payload force gives information on whether or not the object is in contact with the 
worktable. F/T sensory data can be utilized to determine the time instant of contact of the 
object with the table. The decision to release the object from the gripper can then be 
based on the rate of change of these F/T data values. 
3.4.1. Experimental Setup 
The experimental setup consists of a Motoman seven revolute jointed manipulator 
with payload capacity of 5 kg fitted with a Robotiq gripper and an ATI F/T sensor. A 
Kinect vision sensor was used for the vision sensor. Figure 5-12 shows an image of the 
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experimental setup. The manipulator and the payload are in the Kinect’s view. The force 
and torque data are read out through a computer through an Ethernet network. The 
software consists of sensing F/T data, displaying and acquiring vision data, obtaining 
manipulator position data, and computing the manipulator’s motions. 
3.5. CALIBRATION RESULTS 
Several methods to calibrate a PDM were presented in Chapter Three. Once 
calibration is performed, the PDM task planning completion and success rate did 
increase. When the base pose of the PDM is known within 15 mm along the x, y, and z 
axes, motion planning of the PDM becomes more accurate and precise. 
The repeatability of the calibration with vision method described in Section 
3.2.5.2 is illustrated in Figure 3-12. Each point in Figure 3-12 was calculated at a 
different manipulator configuration, with the locations of the camera and base of the 
robot remaining constant. As one can see, this calibration method can achieve a 
repeatability less than 15 mm in x, 20 mm in y, and 30 mm in z directions. Reasons for 
disparity include human error when clicking the fingertips (it is difficult for the human to 
click the exact same point each time) as well as error in the Kinect. Visual object 
recognition to automate this step will reduce the error in manually selecting the 
fingertips. 
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Figure 3-12. World Points Obtained from the 3 Points Vision Calibration Method 
Once       
    is known, the Kinect can be used to obtain a point in the {World} 
frame using equation 3.11. 
 
 P
World
 =       
     PCam     (3.11) 
 
In order to test the accuracy of the calibration method described in Section 3.2.5.2, 
equation 3.11 was utilized. Using the Kinect’s depth image, the user clicked on a ball-on-
a-stick that was placed in various locations within the manipulator’s workspace. For 
simplicity purposes, this test was performed outside the glovebox. Figure 3-13 shows the 
Kinect’s depth image and the ball-on-a-stick. 
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(a) (b) 
Figure 3-13. Kinect Depth Image for Calibration with: (a) Ball in Center of the Kinect’s 
Field of View (b) Ball on Edge of the Kinect’s Field of View 
The       
    transformation matrix resulting from the calibration algorithm, which 
was used to quantify the accuracy of this method, was 
[
                        
     
      
 
     
     
 
     
     
 
        
        
 
]. 
The resulting data is tabulated in Table 3-3. The points from the Kinect are the raw points 
of the ball location in the {Cam} frame (P
Cam
). The transformed points in the world frame 
(P
World
) are the resulting points obtained after applying equation 3.11. The origin of the 
world frame is (0, 0, 0). The calibration error is the difference between the toolpoint and 
the ball location as measured in the world frame. For each of the ten ball locations, the 
gripper was either pointing straight out or rotated -90
o
 about the tool frame (see Figure 
3-14). The only reason for this change in gripper orientation was to ensure that the 
manipulator could reach each of the ball locations.  
Calibration errors largely depended on the location of the ball with respect to 
Kinect. For example, the ball location of (620.7, -187.6, 1050.4) in the camera frame 
resulted in the ball being on the edge of the Kinect’s field of view as shown in Figure 
3-13 (b). The resulting error of -27 mm along the y-axis is due to the ball location. As one 
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can see, when the ball is centered in the Kinect’s field of view as shown in Figure 3-13 
(a) (i.e. the raw x point in the camera frame is relatively close to zero), the resulting error 
along the y-axis decreases. For the calibration errors along the x and z-axes, one can see 
that the manipulator’s toolpoint is usually off in one direction. However, there is no 
apparent correlation in the calibration errors and the ball location (besides when the ball 
is on the edge of the Kinect’s field of view), which is most likely due to error in the 
Kinect’s depth image and human error in clicking the ball in the image. The accuracy of 
the Kinect does depend on the distance between itself and the object. One can see that 
when the ball was at locations closer to the Kinect, such as (-56.6, -286.4, 870.5) and (-
92.3, -330.8, 776.1) in the camera frame, the calibration errors were less than when the 
distance between the ball and Kinect were greater. Since the maximum distance between 
ball locations along the Kinect’s z-axis was approximately 0.5 m, this did not have a 
profound effect. This maximum distance is constrained by the manipulator’s workspace, 
since each ball location had to be within the robot’s workspace. In general, the distance 
between the object and the Kinect should approximately be within 1-3 m. [Henry et al., 
2012]   
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Table 3-3. Calibration Accuracy Data 
Points from Kinect (mm) Transformed Points in 
World Frame (mm) 
Calibration Error w/r/t 
World Frame (mm) 10 
 
X 
{Cam} 
Y 
{Cam} 
Z 
{Cam} 
X 
{Base} 
Y 
{Base} 
Z 
{Base} 
X 
{Base} 
Y 
{Base} 
Z 
{Base} 
Grasp 
620.7 -187.6 1050.4 120.3 485.3 491.3 -6 -27 6 Straight 
276.6 -84.9 1255.5 99.9 181.1 770.7 11 -25 -7 Straight 
205.9 -170.2 1100.5 109.6 83.6 607.2 9 -12 -18 Straight 
8.9 -131.7 1163.1 93.4 -99.3 709.6 18 -6 -9 Straight 
-216.7 -158.8 1121.8 92.0 -329.9 696.1 12 15 -14 Straight 
-56.6 -286.4 870.5 108.5 -215.6 393.2 3 10 -2 Side 
-92.3 -330.8 776.1 107.9 -266.9 295.6 3 9 -7 Side 
-185.5 -277.4 881.6 100.1 -340.5 426.7 3 17 -5 Side 
-289.6 -329.4 776.1 99.1 -461.6 326.6 2 19 -12 Side 
-407.0 -286.4 866.1 93.3 -562.1 443.2 5 33 -1 Side 
 
  
(a) (b) 
Figure 3-14. Calibration Accuracy Test Setup: (a) Gripper Pointing Straight Out (b) 
Gripper Rotated -90
o
 About the Tool Frame’s Y-Axis 
                                                 
10 Errors are measured from the manipulator’s toolpoint to the ball. 
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3.6. CHAPTER SUMMARY 
It is important to have real-time and online calibration methods, since the location 
of the camera or base of the robot could possibly change during a task. An advantage of 
the vision-based calibration described in Section 3.2.5.2 versus the calibration methods 
described in Sections 3.2.2 and 3.2.5.1, is that it saves time. It only requires the user to 
move the PDM so that the three fingertips are in the camera’s depth image and for the 
user to select the three fingertips. This can be done autonomously or tele-operated as 
necessary. 
To calculate the accuracy of the calibration method described in Section 3.2.5.2, a 
point in a newly defined point was specified and the accuracy of PDM placement was 
experimentally determined. The PDM was able to reach the specified point with an 
average error of 7.2 mm along x axis, 17.3 mm along y axis, and 8.1 mm along z axis 
(see Table 3-3). One would need a more accurate calibration method if doing machining 
tasks, but for most pick-and-place tasks, this calibration method is sufficient. Calibration 
accuracy could be further improved by repeating the calibration procedure, augmenting 
visual calibration with contact techniques, or eliminating human error by eliminating 
their need to be in the loop. 
When performing the calibration methods in this chapter it was assumed that the 
DH parameters were correct for the Motoman SIA5D. If the actual DH parameters did 
not match the supplied DH parameters, one could perform methods described by Cheng 
[2008] and Meng and Zhuang [2007] to calibrate the PDM’s DH parameters. This would 
enhance the accuracy of the robot positions in applications. 
The calibration tests performed in this chapter were conducted outside the 
glovebox for testing purposes. Once deployed, the PDMs base x, y, and z locations would 
be known within a few centimeters before calibration, since their bases will be 
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constrained by the fixed gloveports, which may be sufficient to safely automate the 
calibration process. 
There are several avenues for future work in calibration. Most critical may be the 
extrinsic calibration of the PDM’s vision system, so it can more accurately reflect 
distances and rotations in the workspace. Recent work by Herrera et al. [2011] 
demonstrates the simultaneous depth and color calibration of a Kinect. With some 
extension, this method could be extended to the simultaneous calibration of the vision 
system and the dual PDMs. Also, implementing visual object recognition to automate the 
fingertip selection step of the vision-based calibration process would decrease calibration 
time and error.  
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Chapter Four:  Mechanical and Safety Requirements 
The safety of workers and process efficiency must be a top priority. The PDM 
system must prevent hazards such as dropped materials and unwanted collisions with the 
glovebox, worker, or other objects. Several levels of mechanical, electrical, and software 
safety measures will be incorporated into the system. Some measures include mechanical 
hard stops to physically limit range of motion, motor over-current protection, and joint 
brakes for power loss. Sensor information can aid both the control system and the 
operator. F/T sensing allows real-time motion modification and detection of F/T limits, 
and vision systems can be used to validate motions or assist tele-operation. The control 
software will also contain fail-safes that complement and supplement mechanical and 
electrical measures. Rigorous software testing will also be conducted.  
 
4.1. SLEEVE DESIGN 
By introducing robots into gloveboxes, we change the operational requirements 
for flexible shielding material. Attenuation of hazardous particles is reduced by 
introducing sleeve materials that last longer and are resistant to pinching punctures since 
the operator’s hand dexterity is no longer a concern. 
4.1.1. Sleeve Attenuation 
The primary purpose for sleeving a PDM is to protect its electronics from 
radiation damage. Photons, which are more highly penetrating than alpha and beta 
radiation, would be potentially damaging to a robot’s electronics. Since a candidate 
sleeve for a PDM is a sleeve composed of typical glovebox glove material, different 
glovebox gloves were tested for their photon shielding properties. [Landsberger et al., 
2011] In order to test how well certain glovebox gloves attenuated photons, both leaded 
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and non-leaded gloves were tested. Non-leaded glovebox gloves continue to be evaluated 
for their shielding capabilities in an effort to find a substitute for leaded gloves. Non-
leaded gloves can help reduce hazardous and mixed waste but still need to adequately 
protect the glovebox worker and PDM’s electronics. This photon attenuation work was 
completed at the Nuclear Engineering Teaching Lab (NETL) at U.T. Austin. 
4.1.1.1. Photon Attenuation in Glovebox Gloves: Introduction 
Previous work conducted at NETL involved non-leaded gloves made of various 
compositions of molybdenum, antimony, samarium, erbium, and tungsten blended with 
Neoprene. [Dodoo-Amoo, 2002] These experiments showed several of the fabricated 
non-leaded glove materials were potential replacements for leaded-Neoprene gloves. 
LANL has conducted initial tensile strength and lead equivalent thickness tests on a non-
leaded glove manufactured by Piercan. [Cournoyer, 2010a] This glove and two others 
produced contain a shielding layer of bismuth, lanthanum, and tungsten of various weight 
fractions. The purpose of this experiment was to calculate the photon transmission 
fractions of these three non-leaded gloves and two leaded-Neoprene gloves for a range of 
low-energy photons. 
4.1.1.2. Photon Attenuation in Glovebox Gloves: Experimental Setup 
The experimental setup used a modified apparatus from previous tests at NETL. 
[Dodoo-Amoo, 2002] This setup was designed to achieve narrow-beam geometry 
through collimation, minimize detector dead time, and minimize background radiation 
(see Figure 4-1). The cage of the original design was mounted on a table, with two lead 
collimation bricks measuring 21 cm x 8 cm x 11 cm arranged as shown. In addition to the 
cage, aluminum planchets with an 8 cm diameter disc cutout were used to hold samples 
in place during test runs. The lead tunnel was extended to eliminate any direct path 
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between the detector and photons from the 
241Am inside the room’s smoke detector. The 
lead tunnel bricks were layered with copper and cadmium to absorb the kα and kβ x-rays 
coming from the lead. 
 
 
 
Figure 4-1. Experimental Setup 
A 
238
Pu annular source with a strength of approximately 2.7 GBq (74.5 mCi) 
provided a range of low-energy photons (10-250 keV). The selected energy peaks from 
this source used for transmission fraction calculation were at 13.52 keV, 43.35 keV, 
59.41 keV, 99.72 keV, and 152.49 keV. A UO2/PuO2 mixed oxide (MOX) fuel pin was 
also used as a photon source. The energies used are from isotopes of uranium, plutonium, 
and americium contained in the fuel pin 
4.1.1.3. Photon Attenuation in Glovebox Gloves: Results 
To experimentally calculate the photon transmission fraction for photon energies 
in our range of interest, we compared the non-attenuated spectrum (no glove present) 
with the attenuated spectrum (glove in planchet). The transmission fraction (TF) was then 
calculated for the peaks of the energies mentioned above as shown in equation 4.1. 
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   (
                  
                      
)         (4.1) 
 
Photon attenuation tests were completed for a North Safety glove (Model 
8YLY3030 9H) and a 60 mil glove both consisting of a leaded-Neoprene shielding layer 
sandwiched between two Hypalon layers and the three Piercan non-leaded gloves 
composed of various weight fractions of bismuth, lanthanum, and tungsten (actual weight 
fractions are not supplied). The Piercan glove models 8USY3DA, 8USY4DA, and 
8USY5DA are referenced in this report as 3DA, 4DA, and 5DA, respectively. All gloves 
were first tested using the 
238
Pu source and then tested using the MOX fuel pin to provide 
additional data. The count time for each run was 24 hours. Without a glove present, the 
detector dead time was 20.75% for the 
238
Pu source and 3.39% for the MOX fuel pin. The 
dead time for runs with gloves ranged from 0.27% to 1.43% for the 
238
Pu source and from 
1.86% to 2.85% for the MOX fuel pin. 
The experimental transmission fractions using the 
238
Pu annular source were 
combined with the transmission fractions obtained using a MOX fuel pin (see Figure 
4-2). 
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Figure 4-2. Experimental Results Showing Transmission Fractions for Photon Energies 
from the 
238
Pu and MOX Fuel Pin Sources 
The results show a general increase in transmission fraction with increased photon 
energy, as expected. This increase is not constant as the effect of the k-absorption edges 
of the glove materials is apparent in our data. The energies of these edges are listed in 
Table 4-1. Particularly, the lead k-absorption edge is visible, along with the bismuth k-
absorption edge most notably seen in the 5DA sample. The presence of the lanthanum 
edge may also appear slightly in the non-leaded samples. Taking more data points in the 
vicinity of the k-absorption edges would more thoroughly reveal the effects of these 
edges on the transmission fraction. 
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Table 4-1. K Absorption Edges for Glove Materials [Cournoyer, 2010a] 
Element K Absorption Edge (keV) 
Lead 88.004 
Lanthanum 38.930 
Tungsten 69.525 
Bismuth 90.525 
 
4.1.1.4. Photon Attenuation in Glovebox Gloves: Conclusion 
The 3DA and 4DA samples appear to be most similar in their photon transmission 
properties. These gloves significantly attenuate photons on the very low end of our range 
of interest. The 5DA and Pb-Neoprene gloves, however, show similar transmission 
properties and display much more favorable photon attenuation for a larger range of 
energies than the 3DA and 4DA samples. The 60 mil Pb-Neoprene glove displays the 
highest photon attenuation out of all the gloves tested, but is also the least flexible of the 
gloves. Based on the samples tested, our recommendation for a non-leaded replacement 
glove is the 5DA material. This 5DA material could be used to create a non-hazardous 
sleeve for the PDM that would sufficiently attenuate photons to protect the PDM’s 
electronics. The 5DA glove is also flexible enough to not significantly limit the 
manipulator’s dexterous workspace. Non-leaded gloves are also a better option from an 
ergonomic and safety perspective because they have a significantly higher ultimate 
elongation value. [Cournoyer, 2010a] Ultimate elongation is the elongation at time of 
rupture (also termed maximum strain). In general, the higher the ultimate elongation 
values, the more resistant the glovebox glove is to mechanical hazards such as punctures. 
This is particularly true for operations around equipment or machinery that could cause 
penetration of the manipulator sleeve or glove. 
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4.2. LIGHT CURTAINS 
A major concern of glovebox operations involves the possibility of a breach in the 
glovebox. A breach in a glovebox would compromise its shielding potentially resulting in 
harmful operator radiation doses. A major concern for LANL is a manipulator running 
into and breaking a lead-lined glass viewing port of a glovebox. In order to add another 
layer of collision prevention on top of the model-based collision detection and the F/T 
sensor that monitors for collisions, light curtains were installed inside the glovebox. The 
light curtains span across the viewing ports and will trigger the emergency-stop if either 
an operator (either unintentionally or intentionally if considered an easily reached 
emergency-stop) or the PDM trip the light curtain’s sensor. Figure 4-3 shows an operator 
moving hand into the light curtain’s path, which triggers the PDM’s emergency-stop. 
 
 
Figure 4-3. Operator Triggering Light Curtain 
One example that shows the viability of light curtains in gloveboxes is the use of 
light curtains in the ARIES process. [Martinez, 1998] A light curtain around the 
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periphery of the robotic gantry frame stops robotic movement when it senses any 
intrusion into the robot’s workspace. Light curtains are also installed at each glovebox 
entrance in order to protect from closing a gate valve on a piece of equipment and to 
avoid a mishap if an operator is in the glovebox while the gate valve is closing. The 
assembled light curtain in the ARIES glovebox line is shown in Figure 4-4. 
 
 
Figure 4-4. Light Curtains Installed in the ARIES Glovebox Module [Martinez, 1998] 
4.3. STAND STABILITY 
The stand, pictured in Figure 5-4, should deflect no more than 20 mm while the 
PDM is inside the gloveport. This requirement ensures that the robot arm does not collide 
with the gloveport. The robotic stand needs to be sturdy enough to support the 
manipulators, so that the glovebox structure does not provide any of the PDM’s structural 
support at any time. The stand was designed with a low center of gravity to eliminate the 
risk of tipping. The stand uses steel rectangular tubes for the base that can act as fork 
pockets and can hold additional weights for stability if required. Casters support the 
weight of the stand and robotic system including caster locks to secure any two sets of 
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casters in a single direction for maneuverability. Floor locks provide extra stability and 
eliminate slipping on the locked casters. 
The undergraduate design team at U.T. Austin that designed, fabricated, and 
assembled the stand under the supervision of NRG also performed detailed tipping 
calculations. Based on these calculations, the stand will not tip over a broad range of 
operating and environmental conditions. It has a factor of safety ranging from 2.2 to 10 
based on how the columns and the column interface are positioned. This safety factor is 
based on the floor locks being activated and with the two PDM controllers on the 
platform. [DuBose et al., 2011] 
To detect potential PDM-gloveport collisions, a collar between the PDM and the 
entry hole of the gloveport could be added. This collar could act as a pad and could also 
incorporate a feedback system for the control of the PDM and to verify the stability of the 
system. Using a piezoelectric sensor or a similar mechanism, the collar would help detect 
how much the arm is moving due to vibrations or deflection. [SparkFun Electronics, 
2012] This collar would send an electrical signal, warning the operator if the PDM is too 
close to the gloveport walls and help to avoid an accident. 
4.4. POTENTIAL RADIATION HAZARDS 
Implementing automation within the confines of an environmentally sealed 
container (i.e. glovebox) is far from trivial. In some respects, the automated handling of 
actinide-laden materials is similar to many industrial tasks, but the unique plutonium 
contaminated environment creates the following set of challenges: 
 Low to moderate levels of ionizing radiation 
 Highly abrasive 
 Corrosive 
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 Pyrophoric (may ignite spontaneously in air) 
 Plutonium dust particles tend to agglomerate 
 Reaction and behavior with equipment is not well understood 
Due to the nature of the work with fissionable materials at LANL and other DOE 
laboratories, the risk of a criticality accident is non-trivial; however, attention to 
criticality safety reduces the likelihood of an accident to an acceptably low level. The 
general principles of ALARA with respect to time, distance, and shielding apply to 
handling fissionable materials. However, the concept of distance is extremely important 
in the event of an unplanned criticality. In general, if an individual is three to four feet 
from a criticality incident the dose received will not be a fatal dose. [DOE, 1996] 
 The main challenge with working with plutonium is limiting worker dose to the 
extremities and to the whole body. Direct handling of 
238
Pu and 
239
Pu in a glovebox 
contributes the most to extremity dose, while whole body dose becomes more of a 
concern when they are handled outside the glovebox. When plutonium is in powder form 
in a glovebox environment, it often leads to higher radiation backgrounds in the glovebox 
as materials are spilled during transfer steps. All of these issues present a significant 
worker dose even for shorter time-scale tasks. 
 Failure of the PDM to adequately transfer nuclear material to target locations 
could possibly lead to a release of radioactive material and/or contamination leading to 
potential exposure to workers. Operator radiation uptake or dose may cause temporary 
radiation worker restriction. Safeguards against this type of hazard include implementing 
a highly precise and accurate vision system that maps out the glovebox environment and 
utilizing a PDM capable of performing high repeatability motions. 
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4.5. OTHER SAFETY ISSUES 
The weight and size of the robot should be manageable for maintenance through 
gloveports. While a robot may reduce dose during a glovebox process, care should be 
taken to ensure that the decrease in operator dose is not coupled with a large increase in 
maintenance worker dose. Maintenance of a PDM is relatively simple since a sleeve 
keeps the robot on the “cold” side and the robot can easily be taken out of the gloveport.  
A possible hazard of implementing a PDM is if an operator’s hands and/or arms 
are caught in pinch points created by the manipulator. This would require the PDM and 
operator to be simultaneously working in the glovebox. Potential consequences of this 
hazard include injury to worker hands and/or arms and puncture of glove. Initially, it is 
proposed that the PDM and the glovebox worker are never working at the same time in a 
glovebox even if the PDM is present. The PDM for example, could complete repetitive or 
high dose tasks after the operator has set them up and removed their arms from the 
glovebox. As the system’s various safety strategies (discussed throughout this and other 
chapters) are implemented and certified, it may be possible for true co-robotic 
interactions even in these challenging environments. If so, additional safeguards would 
include operator training, slowing down PDM speed, and utilizing real-time emergency 
stop switches for the operator to stop any PDM operation or movement. Having human-
robot contact sensing would help eliminate this particular hazard by identifying when 
human-robot contact is made. 
4.6. HARDWARE FOR CO-ROBOTICS 
A lot of work has been performed in the areas of robotic systems used in 
dangerous situations and co-robotics. Shibuya’s CellPro is one type of robotic system 
marketed to replace the human to perform the same task in sterile, glovebox 
environments. The system uses accelerometer-based hand-held controllers that allow 
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operators to direct the system by intuitively moving their own arm in free space. 
[Shibuya, 2012] An industrial robotic system that approaches co-robotic safety is ABB’s 
FRIDA, which is designed to operate in spaces for human workers. It uses ABB’s 
standard IRC5 Controller housed in the robot’s torso component. [ABB, 2012] The 
respected IRc5 controller in tandem with real-time collision detection and a flexible 
robotic gripper [Vittor, 2011] help to address safety via industry certifications [Yaskawa, 
2011] adhered to by ABB. ABB has “no immediate plans” to make the system 
commercially available. In order for the core mechanical component (i.e. the 
manipulator) to be ready for use in co-robotic glovebox manufacturing for nuclear 
applications, it should be anthropomorphic, have low inertial properties, torque sensing in 
each joint, and a load weight ratio similar to humans. 
4.7. CONCLUSION 
Hardware components, such as light curtains, augment a complete safety plan 
when integrated with other safety components mentioned, such as model-based collision 
detection, mechanical hard stops to physically limit range of motion, motor over-current 
protection, joint brakes for power loss, and vision systems to validate motions or assist 
tele-operation. Also, a F/T sensor on each PDM can be utilized to detect if the robot 
encounters an obstacle.  
If a PDM fails while inside a glovebox, its current configuration may prevent its 
removal from the glovebox. One possible solution is to cut the PDM into pieces for 
removal if necessary. Section 1.4.7 described failure recovery of a PDM in more depth. 
In order for a PDM to be successfully implemented in a DOE glovebox, the 
mechanical and safety requirements (discussed throughout this and other chapters) must 
be implemented. An essential test that must be performed to ensure that a PDM can 
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actually be implemented for nuclear applications is the radiation environment’s effect on 
the PDM’s lifespan. 
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Chapter Five:  Implementation and Demonstrations 
The previous two chapters presented several requirements of a PDM system, 
including calibration and mechanical and safety requirements. This chapter describes the 
relevant demonstrations of the PDM system, which include collision detection 
demonstrations, calibration demonstrations, and unstructured pick-and-place tasks, with 
the use of two different types of PDMs (SIA10D deployed through the transfer port and 
dual SIA5Ds deployed through gloveports). The calibration demonstrations provide a 
basis for evaluating how well the proposed calibration techniques improve the accuracy 
of the PDM in a glovebox environment. 
5.1. PDM SYSTEMS 
To demonstrate the requirements of a PDM, two different testbeds were 
developed in both simulation and hardware: a Motoman SIA10D manipulator deployed 
through a transfer port and dual Motoman SIA5Ds deployed through gloveports. The 
SIA10D and SIA5D are commercially available, stiff systems with 10 and 5 kg payloads 
respectively. These payloads refer to when the manipulator is fully extended and in full 
acceleration. [Yaskawa, 2011] For these testbeds, emphasis is on task completion in a 
confined space. 
5.1.1. Single Manipulator through a Transfer Port 
To date, NRG has demonstrated several automated grasping and manipulation 
tasks within a glovebox. In collaboration with LANL, a 7 DOF Motoman SIA10D 
manipulator and BarrettHand BH8 EEF were mounted to a mobile stand (see Figure 5-2) 
and deployed through a transfer port of a glovebox for pick-and-place tasks. [Brabec, 
2011] Figure 5-1 shows the Motoman SIA10D 7 DOF manipulator deployed in a typical 
glovebox transfer port and performing a pick-and-place task. NRG implemented a “point-
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and-click” interface that was developed to allow an operator to select a location in 3D 
space from a 2D screen and request automated retrieval of an object from the selected 
location. [Hulse, 2009] Visual data was provided by a time-of-flight SwissRanger 
SR4000 3D camera mounted inside the glovebox, which generates a 3D point cloud 
representation of the environment. 
 
 
Figure 5-1. Motoman SIA10D Manipulator Installed in a Glovebox Transfer Port 
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Figure 5-2. Stand Supporting SIA10D Manipulator Installed in Transfer Port 
5.1.2. Dual Manipulators through Gloveports 
In order to successfully implement a PDM, NRG at U.T. Austin has developed a 
dual-arm system with commercially available, proven hardware components that is 
controlled using a high-bandwidth controller for real-time collision detection and precise 
force control. [Agile Planet, 2011] This system can be anthropomorphically deployed 
into a glovebox. The deployed automation must be 100% compatible with direct operator 
intervention to ensure both robust operation and task compatibility. Following sections in 
this chapter will review recent efforts and results in six areas: 1) Collision 
detection/prevention, 2) Calibration techniques, 3) Sensing and world modeling, 4) 
Motion planning, 5) Stand design, and 6) Grasping strategies. 
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The hardware testbed is designed to provide automation solutions for glovebox 
applications deployed through a gloveport via a stand. The system must be flexible 
enough to deploy in a variety of gloveboxes, but stable enough to isolate system 
dynamics from the glovebox itself. The system connections for the dual SIA5D 
manipulators are shown in Figure 5-3. It is important to note that signals are sent from the 
computer and sensor data is returned to the computer. The current testbed at NRG outside 
of the glovebox is shown in Figure 5-4. Figure 5-5 shows the testbed inside the glovebox. 
Hermetically sealed feedthroughs will need to be used to introduce the necessary cables 
and wires into the glovebox environment. Engineers from Motoman were able to feed 
cabling for the grippers internally through the manipulator itself and it may be possible to 
modify the existing cabling designs to eliminate other external cabling or use 
feedthroughs that already exist in a given glovebox. The testbed consists of two Motoman 
SIA5D 7 DOF manipulators, each having a 5 kg payload and a 1,007 mm vertical reach. 
The SIA5D manipulator has a form factor which allows all 7 joints to enter a glovebox 
through a standard 8” gloveport. UT’s emulation system uses real-time Windows CE 
operating system to handle safety routines, send joint commands, and execute 
trajectories. 
A second processor on the same computer uses Windows 7 OS to handle 
kinematics, various peripheral devices, and software modules not compatible with 
Windows CE. The use of familiar Windows operating systems allows for easy software 
development. Two daisy-chained (integrated control) Agile Planet RLX controllers 
provide the 1000+ Hz feedback rate to the end user. [Agile Planet, 2011] Other 
components of the testbed are discussed below. 
 122 
 
Figure 5-3. System Connections 
 
 
Figure 5-4. System Testbed Operational at U.T. Austin: Outside Glovebox 
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Figure 5-5. System Testbed: Inside Glovebox 
5.2. CODE DEVELOPMENT USING RLXI3 & KINEMATIX 
A schematic of the software architecture for the development and operation of the 
dual-arm SIA5D system is shown in Figure 5-6. The software includes the use of RLxI3, 
which runs on Windows CE to provide real-time performance, and Kinematix Version 
2.0, which runs on Windows 7. RLxI3 is a C++ Software Development Kit (SDK) for 
high performance robot motion planning and control of industrial robots. Both operating 
systems are housed in a single PC. [Agile Planet, 2011] 
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Figure 5-6. Overview of Software 
In order to pass variables between Windows CE and Windows 7, code to manage 
a shared memory allocation was developed (cewinSHM.cpp and windows.cpp 
respectively). Since model-based collision detection is currently not supported in RLxI3, 
it is created using Kinematix on the Windows 7 side. Once a collision is detected on the 
Windows 7 side, a character ‘c’ is written to the Windows CE side notifying that a 
collision has occurred and causing the manipulator to stop its current motion. This is 
accomplished in code by: 
 Windows 7 – shm.charWrite( ‘c’, CollisionFlag ); // writes a ‘c’ to the 
CollisionFlag space 
 Windows CE – shm.charRead( test, CollisionFlag ); // reads the char ‘c’ 
at CollisionFlag and stores it in the variable test 
Shared memory is only checked when the shm.charRead( … ) command is called. This 
command can be called within a while loop, so that shared memory is checked 
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throughout the PDM’s motion. Section 5.3.1 goes into more detail on how collision 
detection is specifically setup for the dual-arm PDM system. 
Vectors can also be passed through shared memory. Joint positions are updated on 
the Windows 7 side through shared memory. Magellan values for manipulator tele-
operation and values from the Kinect’s field of view are passed through shared memory. 
5.3. DEMONSTRATIONS 
Demonstrations of the requirements of a PDM system are presented. The 
following demonstrations show that the PDM system supports collision detection, 
calibration, sensing and world modeling, motion planning, stand design, and grasping 
strategies. 
5.3.1. Collision Detection 
Collision detection algorithms determine when a collision is imminent. Relatively 
simple collision detection algorithms calculate the distance between objects and warn of a 
collision when that distance is less than a threshold value. These algorithms rely on a 
mathematical description of the objects in the environment. The collision detection safety 
layer algorithm used at NRG is model-based and requires geometric information about all 
potential obstacles. Current development is focused on collision detection between the 
manipulators as well as with their stand and the interior of a confined workspace such as 
a glovebox. 
Collision detection is an essential feature of a manipulator system for unstructured 
tasks. A simulated dual-arm PDM system that includes collision detection is shown in 
Figure 5-7. The PDM system consists of two Motoman SIA5D serial manipulators 
operating in a glovebox similar to those used for nuclear material handling. The green 
objects represent the geometric primitives used in the collision detection model for this 
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demonstration. These objects include the SIA5D manipulators, the model of the actual 
glovebox, and the integrated Barrett Hands. Kinematix loads the collision model from an 
XML WorkCell file in order to run collision detection. The geometric primitive files that 
are defined in the XML are loaded into the collision model. 
 
 
Figure 5-7. Dual-Arm Glovebox Simulation Including Collision Detection 
Model-based collision detection was evaluated for both PDMs, including self-
collisions, collisions with glovebox walls, and collisions with modeled objects within the 
glovebox. Model-based collision detection was evaluated after calibration. Hardware and 
simulation shown in Figure 5-8, Figure 5-9, and Figure 5-10 were run in real-time. The 
location in the world frame is also presented to the user via the command prompt. By 
experimentally evaluating calibration effectiveness, the optimal collision buffer can be 
selected to ensure no collision occurs with minimal loss in the system’s range of motion. 
This collision buffer will also depend on the operational PDM speed (see Figure 5-11). 
The collision detection algorithm utilized in this report allows for multiple collisions to 
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be detected at once. For example, if both PDMs were moving and one PDM was going to 
collide with an object and the other PDM was going to collide with a glovebox wall 
simultaneously, the collision detection algorithm would detect both instances and stop 
both PDMs’ movements. 
 
 
 
(a) (b) 
Figure 5-8. Model-Based Collision Detection with Robot and Object: (a) Hardware (b) 
Simulation with Command Prompt Notifying User where Detected Collision Occurred 
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(a) (b) 
Figure 5-9. Model-Based Collision Detection with Self-Collisions Between Robots: (a) 
Hardware (b) Simulation with Command Prompt Notifying User where Detected 
Collision Occurred 
 
 
(a) (b) 
Figure 5-10. Model-Based Collision Detection with Robot and Glovebox Bottom Wall: 
(a) Hardware (b) Simulation with Command Prompt Notifying User where Detected 
Collision Occurred 
In order to successfully implement model-based collision detection, the modeled 
environment needs to closely match the actual environment. The base poses of each PDM 
relative to one another also need to be known to avoid the robots running into one 
another. For this report, STL files were used to model the glovebox, objects within the 
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glovebox, the Robotiq gripper, and each link of the robots, including their bases. An STL 
file that was 25 mm larger in all directions was used for each link of the PDMs. As one 
can see from Figure 5-8, Figure 5-9, Figure 5-10, the Robotiq gripper was only attached 
to one PDM, but the model can easily be changed to accommodate multiple grippers. 
Depending on the actual setup, different XML WorkCell files can be switched out to 
ensure that the correct collision detection model is used. The algorithm achieves this by 
asking the user for input on the hardware setup. Another method of achieving this is to 
have a single XML WorkCell file that includes all possible hardware configurations. In 
the application code, the STL files can then be selectively enabled/disabled by: 
 bool CollisionDetection::AddWorkcellCollisionObject(Polytope* obj); 
 bool CollisionDetection::RemoveWorkcellCollisionObject(Polytope* 
obj); 
The XML Workcell files can also adjust the base pose of the PDMs to account for 
different deployment configurations. Currently there is only one modeled glovebox, so 
different STL files would need to be made if the PDMs are to be inserted into various 
gloveboxes. It may be desirable to generate collision primitives using simpler, inverted 
bounding boxes to account for the similarity in various glovebox geometries; however, 
the availability of CAD documentation for virtually all gloveboxes in use makes it 
relatively simple to use the more accurate geometrical representations. 
Tests were performed to see how speed affected the collision detection algorithm. 
This was accomplished by trying to run the PDM into the glovebox floor (see Figure 
5-10) as well as trying to run one PDM into the other (see Figure 5-9) at different speeds 
and measuring the actual distance between the robot and the collision target. In the XML 
WorkCell file, a SetMinDistance of 25 mm was added onto each of the glovebox walls 
and the Robotiq gripper to act as a collision buffer, which makes the glovebox walls and 
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the Robotiq gripper appear to be 25 mm larger in all directions to the model-based 
collision detection algorithm. As one can see from Figure 5-11, as the PDM speed 
increases, the distance before an actual collision occurs decreases on the order of 
approximately 5 mm per 10% speed increase. More data points could be taken, but other 
collision detection tests performed outside the glovebox also produced similar results to 
those presented in Figure 5-11. This is most likely due to the fact that it naturally takes 
longer for the controller to slow and stop the robot as the robot’s speed increases. For this 
reason, it is important to keep a buffer between the modeled PDMs and its modeled 
environment. There is a linear relationship between the speed and distance between 
collisions, therefore one could increase the SetMinDistance as the maximum speed of 
the PDM increases. Such a behavior intuitively mimics our own caution as we move 
closer to (or further away from) items we hope to avoid. 
 
 
Figure 5-11. Distance between Robot and Obstacle at Various Speeds 
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An EEF mounted ATI Gamma six-axis F/T sensor is located at the wrist of each 
manipulator. The use of force data offers improvements in safety and reduces operator 
burden. By monitoring the forces within a manipulator system, the coincidence of the 
EEF with an object can be identified by the existence of non-zero contact forces. These 
forces can be used to autonomously control the safety of the system by maintaining 
operation within specified thresholds and monitoring for collisions. [Schroeder, 2010] 
Additionally, the force data can be used to identify points found within the environment. 
Multiple points can be utilized to identify a contacted object’s orientation and features, 
which can then be used to augment the system’s current world model. [Schroeder, 2011] 
Both the SIA10D and SIA5D manipulators have joint position and joint current 
encoders. One can map the joint current to joint torques, which can then be used for 
sensor-based collision detection. Sensor-based collision data is vastly improved by 
filtering. One such filter that is commonly used is a second-order Butterworth digital low-
pass filter that reduces high-frequency noise due to input signal derivation. [Hirvonen, 
2006] A main advantage of sensor-based collision detection over model-based collision 
detection is that it allows for the detection of collisions of unmodeled or poorly modeled 
objects. Using both model and sensor-based collision detection improves collision 
detection redundancy. 
5.3.2. Calibration 
5.3.2.1. Calibration with Vision 
In order to demonstrate the vision-based calibration technique on the actual 
hardware, the PDMs are first inserted into the glovebox as seen in Figure 5-21. 
Calibration is then performed as described in Section 3.2.5.2. Once both PDMs are 
calibrated, each of their respective base frame locations is known relative to one another 
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and the glovebox environment. Model based collision detection is then tested by tele-
operating the PDMs into the glovebox walls and fixed obstacles, such as canisters. Self-
collision between PDMs is also tested. Once the PDM is first inserted into the glovebox, 
its base frame location is known within several cm even before calibration is performed. 
This is due to the fact that the PDM’s location is physically constrained by the gloveport 
ring that the PDM is inserted into. Since the glovebox is pre-modeled, the gloveport 
locations are known before calibration. 
The steps for the calibration procedure and demonstration are described below. 
1. The camera is placed in a location that it can see both the manipulator and 
canister. 
2. The calibration algorithm described in Section 3.2.5.2 is performed. 
3. The operator selects the canister in the Kinect depth image. 
4. The calibration algorithm calculates PWorld using equation 3.11. 
5. The manipulator will then move to PWorld and pick up the canister. The canister is 
picked up in a manner so that the canister stays upright throughout the task. 
This task was first performed outside of the glovebox (illustrated in Figure 5-12) for 
testing purposes. 
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Figure 5-12. Calibration Pick-and-Place Demo: Outside of the Glovebox 
5.3.2.2. Calibration with Force/Torque Sensor 
In order to demonstrate the capability of performing calibration with a F/T sensor, 
the following demonstration was performed. A second-order Butterworth digital low-pass 
filter with a cut off frequency of 20 Hz was used with the main purpose of reducing high-
frequency noise due to input signal derivation. 
For calibration, one would approach a fixed object and grasp it. The object to be 
grasped needs to remain stationary during calibration. The object’s location in the world 
frame would need to be known and it would need to be within the PDM’s dexterous 
workspace. Initially, once the fixed object is grasped, spikes will most likely occur in the 
force readings, such as the spikes in Fy and Fz that occur when the canister is picked up 
and placed down (see Figure 5-14). The spikes that occur before the canister is grasped 
are due from the gripper coming into contact with the canister. As the location of the 
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canister with respect to the manipulator is known with greater accuracy, these spikes will 
decrease. The operator could then tele-operate the manipulator until the forces along the 
x, y, and z axes are relatively constant and close to zero (approximately less than 0.5 
lbs.). The force due to the mass of the gripper and anything else attached to the robot 
after the F/T sensor needs to be accounted for. For example, since the Robotiq gripper 
and its mounting plate weighs slightly above 5 lbs., the force along the y-axis is offset 
approximately 5 lbs. at time = 0 (see Figure 5-13 and Figure 5-14). The EEF and joint 
positions of the PDM could be recorded in order to determine the location of the PDM 
with respect to its environment. The force readings in Figure 5-14 are smoother in some 
parts of the trajectory than others. This is apparent in the time between when the canister 
is grasped and when it is dropped off. This is most likely due to mechanical vibrations 
from the manipulator and stand that are greater in some parts of the robot’s motion than 
others.  
 
  
(a) (b) 
Figure 5-13. Pick-and-Place Demo for Calibration with F/T Sensor: (a) Robot 
Approaching Canister (b) Robot Picking Up Canister 
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Figure 5-14. Fx, Fy, and Fz Readings from F/T Sensor Throughout Retrieval and 
Placement of a Canister 
 The F/T sensor could also be used to check the accuracy of the vision calibration 
discussed below. For example, after the vision calibration is performed the PDM’s 
toolpoint location with respect to each of the glovebox walls in the PDM’s workspace can 
be determined. The operator would then command the PDM into a position in which its 
EEF is one foot away from one of the walls. The F/T sensor would then be used to check 
the actual distance from the wall. This process could be repeated for each of the glovebox 
walls in the PDM’s reachable workspace in order to determine the location of the PDM 
with respect to the glovebox environment with relatively high accuracy.     
5.3.3. Sensing and World Modeling 
Robots operating in unstructured environments must be able to perceive about the 
world around them in order to execute motions to accomplish tasks. Vision sensors give 
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the operator the ability to select the approximate location of objects in the glovebox 
environment. They provide visual information from the sensor’s field of view. 
Combining this data with OpenGL introduces interactive capabilities for the operator. For 
example, the operator can use the interface to identify a canister with a mouse click and 
the PDM can pick the selected item autonomously. Improved sensor technologies in 
tandem with the limited workspace of most glovebox work areas provides numerous 
opportunities to reduce the burden on the operator to micromanage the control and 
configuration of the system. 
In previous work at U.T. Austin, a SwissRanger IR vision sensor was used. 
Currently, a significantly less expensive vision sensor, Microsoft’s Kinect, is being used 
for the PDM testbed. Whereas the SwissRanger had to be mounted inside the glovebox, 
the Kinect can be placed outside of the glovebox, looking in through the glass. The 
Kinect has been found to give more accurate readings of object locations inside the 
glovebox compared to the SwissRanger, even with the Kinect on the “cold” side of the 
glovebox. Figure 5-15 shows the Kinect integrated camera outside of the glovebox and its 
field of vision. 
 
  
(a) (b) 
Figure 5-15. Evaluation of Kinect Sensor in Glovebox: (a) Kinect Mounted Outside of 
the Glovebox, (b) Sensor Data from the Kinect’s Field of Vision 
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5.3.4. Motion Planning 
A demonstration of motion planning of a PDM for nuclear materials handling is 
described in this subsection. The system consists of a Motoman SIA10D serial 
manipulator mounted in one of the glovboxe’s side transfer ports. The glovebox can be 
seen in Figure 5-16 and the robot is pictured in Figure 5-1. Attached to the EEF of the 
robot is a multi-fingered Barrett Hand gripper. To provide visual data to the system, a 
SwissRanger IR sensor is mounted inside the glovebox. 
 
 
Figure 5-16. Glovebox used at NRG 
 This system was developed in collaboration with LANL to demonstrate the 
benefits of flexible automation in nuclear materials handling. One task that a system like 
this might assist with is pick-and-place tasks. A hardware demonstration was performed 
to show the PDM’s motion planning capabilities through picking-and-placing a metallic 
canister. Figure 5-17 is a succession of images showing the PDM’s motion from its initial 
state to grasping the canister. An approach pose is generated (see Figure 5-17 (c) and (d)) 
to assure that the canister is placed down in an upright position so that its contents, which 
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may be radioactive, do not spill out. However, this motion requires the application to 
know that this is the correct approach angle. In the current implementation, there is no 
provision for specifying an appropriate approach direction to a frame of interest. The 
final EEF orientation for the release of the canister (see Figure 5-17 (e)) was determined 
by the same matrix multiplication used to generate the grasping position (see Figure 5-17 
(b)), and the resulting transformation matrix was passed to the motion planning 
algorithms available in Kinematix to plan and execute the motion. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 5-17. SIA10D Pick-and-Place PDM Task: (a) Canister Placed in Initial Location, 
(b) Retrieval Grasp Pose, (c) Approach Pose, (d) Approach Pose Contd., (e) Canister 
Released in Desired Location, (f) PDM Returns to Safe Position and Hand is Closed 
To grasp and move the canister, the operator identifies the location of the object 
based on transmitted data from the vision system. At this point the motion planning 
algorithms in Kinematix calculate the proper path motion to effectively grasp the object 
based on coordinate calculations using the 3D point cloud. Once the canister has been 
grasped, the operator can select where it should be placed with the same interface. The 
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system tolerates a human scale level of uncertainty since the canister positions are not 
predefined and variable. Should the system be unable to complete the task autonomously, 
the operator can be notified. Feasible operator actions could then be to alter the initial 
position of the canister if it is identified to be outside the PDM’s workspace or even pure 
tele-operation to complete the task manually. 
The canister is not placed in a predefined location and tasks are not 
predetermined. Therefore, this motion requires no knowledge of the canister’s actual 
location. If the canister were moved by a human working in gloves, or perhaps by another 
system component, the application code that grasps the object would function properly so 
long as the canister’s position is accurately updated in the model via machine vision or 
other sensing. 
 The pick-and-place task was also performed by the Motoman SIA5D manipulator, 
with a Robotiq gripper instead of a Barrett Hand, and a Kinect camera instead of a 
SwissRanger camera. The pick-and-place task was first performed outside of the 
glovebox for testing purposes. The transform from the Kinect (XK, YK, ZK) to the robot’s 
base frame (XB, YB, ZB) is found using 4x4 homogeneous transformations. The 
transformation from the Kinect frame to the robot base frame for the pick-and-place task 
performed outside the glovebox is shown in equation 5.1,  
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where R is a 3 x 3 rotation matrix. The transformation from the robot base frame (world 
coordinates) to the EEF frame (XEEF, YEEF, ZEEF) (tool coordinates) is computed using the 
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manipulator’s forward kinematics whose parameters are known. The frame assignments 
are shown in Figure 5-18. 
 
 
Figure 5-18. Base, EEF, and Kinect Frame Assignments for Pick-and-Place Application 
 The pick-and-place task performed inside the glovebox is illustrated in Figure 
5-19, similar to Figure 5-17. The calibration method described in Section 3.2.5.2 (vision-
based calibration method) was utilized for the pick-and-place task illustrated in Figure 
5-19. The previous method for finding the transformation from the camera to base frame 
of the manipulator for a pick-and-place task inside of a glovebox was trial-and-error. The 
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calibration method described in Section 3.2.5.2 (vision-based calibration method) saves 
time and makes it easier to produce more accurate results than a trial-and-error method 
provides. 
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(a) (b) 
  
(c) (d) 
 
 
(e) (f) 
Figure 5-19. SIA5D Pick-and-Place PDM Task: (a) Canister Placed in Initial Location by 
Operator, (b) Retrieval Grasp Pose after Canister Located Using Kinect, (c) Approach 
Pose, (d) Approach Pose Contd., (e) Canister Released in Desired Location, (f) PDM 
Returns to Safe Position and Hand is Closed 
 The Kinect uses infrared light so its accuracy does not degrade when looking 
through leaded glass windows, therefore the Kinect can be placed on the “cold” side of 
the glovebox. As long as the glass is infrared transparent, the Kinect can see through it. 
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This helps reduce clutter in the glovebox that potentially could become radioactive. For 
the pick-and-place task illustrated in Figure 5-19, the Kinect vision system was placed on 
the “cold” side. Figure 5-20 is a Kinect depth image showing the components involved in 
the pick-and-place task. The active PDM’s gripper is in the Kinect’s field of view, but the 
manipulator is not. By integrating a second Kinect, the field of view could be expanded 
so that both PDMs are visible in the scene. The visual data provided from the Kinect at 
various stages of the task is shown in Table 5-1. 
 
 
Figure 5-20. Isometric Kinect Depth View of Pick-and-Place PDM Task 
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Table 5-1. Kinect Depth Vision Data from SIA5D Pick-and-Place PDM Task 
 
1. Canister Placed in Initial Location 
 
2. User Selects Canister Location 
 
3. PDM Picks Up Canister 
 
4. User Selects Drop-off Location 
 
5. PDM Drops Off Canister 
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5.3.5. Stand Design 
Since the robot is port-deployed, a stand allows the system to be removed from 
the port if necessary and allows an operator to complete the task. A reconfigurable, 
custom-build robotic stand developed at U.T. Austin allows the absolute and relative base 
locations of each arm to be easily adjusted both horizontally and vertically. The base of 
each robot can be rotated about the support beam and the pitch of the base can be  
adjusted ±15°. [DuBose et al., 2011] The stand is shown in Figure 5-4. Screen captures of 
the dual-arm PDM system glovebox insertion is shown in Figure 5-21. This manual 
process takes roughly 2.5 minutes to complete. However future work in automating this 
process will lead to a faster insertion time. 
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Figure 5-21. Dual-Arm PDM Glovebox Insertion 
5.3.6. Grasping Strategies 
One of the most challenging operator tasks is grasping objects. Care must be 
taken to ensure a stable grasp that is also compatible with the entirety of the proposed 
task. The quasi-certainty of the task space for most DOE work areas provides an 
opportunity to automate the grasping decision-making process. Two Robotiq adaptive 
grippers were integrated into the dual-arm system in order to grasp various objects. These 
Robotiq grippers are highly dexterous, have multiple grasping configurations (see Figure 
5-22), and have grip detection feedback. [Robotiq, 2012] The NRG is researching 
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autonomous grasping strategies to reduce the burden on the operator and/or eliminate 
predefined grasping configurations. High fidelity collision detection models of the 
Robotiq grippers are also being developed (see Figure 5-23), which will be added to the 
model-based collision detection environment to help ensure overall safety. 
 
  
Figure 5-22. Robotiq Adaptive Gripper in Two Different Configurations [Robotiq, 2012] 
 
 
Figure 5-23. Dual-Arm PDM System with Robotiq Grippers 
5.4. APPLICATIONS 
A PDM system can be used for various DOE glovebox operations. Several 
possible application areas are discussed. These include the previously discussed pick-
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and-place tasks, integrating fixed and flexible automation for material reduction in a 
glovebox, integrating fixed and flexible automation for the sealing and unsealing of 
canisters in a glovebox, and the application of methodologies to plutonium slump casting. 
5.4.1. Material Reduction 
Nuclear weapon cores are a form of radioactive waste, and are often difficult to 
dispose of and manage. Therefore, methods are implemented in order to recycle nuclear 
waste to manufacture recycled nuclear fuel. The goal of the material reduction design 
project was to design a glovebox deployed, automated system in order to reduce a 
hemispheric component (plutonium pit – nuclear core) into smaller pieces that can fit into 
a standard sized crucible. The crucible can then be placed into an oven to melt the size-
reduced metal pieces. An undergraduate design team at U.T. Austin designed this fixed, 
automated material reduction system, which is shown in Figure 5-24. The material 
reduction system uses a dedicated micro-punch automatically fed stock thus eliminating 
any need for direct operator interactions. 
 
 
Figure 5-24. Micro-Punch Design 
In this material reduction task, fixed automation was implemented since the 
radiation levels from the nuclear cores and the hazards of cutting tools discouraged the 
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use of operators to complete the task directly. However, fixed automation has its own 
challenges due to the varied geometries of the components considered, maintenance 
issues, and the high cost of a device with limited use. The development of a purely 
flexible automation for this task may have left little opportunity for the system to be 
adopted for other tasks in the future. In order to resolve this issue, a hybrid approach that 
uses flexible automation (i.e. a PDM) to interact with the dedicated but simpler 
mechanism for material reduction was developed. The sequential steps that a PDM takes 
in order to successfully interact with the fixed micro-punch design is outlined in Table 
5-2. 
Table 5-2. Hybrid Approach Steps: PDM interacting with Micro-Punch Design 
Step Description 
1 The PDM brings the hemispheric component into the glovebox and inserts it 
into the feeding system 
2 After reduction process, the PDM unscrews and retrieves the containment tank 
3 The size-reduced components in the containment tank are poured into a 
crucible, which are then both placed into an oven 
 
 The steps taken by the PDM are illustrated in Figure 5-25, which shows a 
simulation of a Motoman SIA10D manipulator installed in a glovebox transfer port 
interacting with the material reduction device. Steps 1-3 from Table 5-2  are illustrated in 
the three images, from left to right respectively, in Figure 5-25. 
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Figure 5-25. Glovebox Simulation Environment Showing the Motoman SIA10D 
Manipulator Interacting with the Fixed Material Reduction Mechanism 
5.4.2. Sealing/Unsealing Canisters 
An autonomously sealing/unsealing fixed automation device was designed by 
another undergraduate design team at U.T. Austin. The objective of the project was to 
design an automated device that fit in a standard glovebox and removed tape seals that 
hold the lid on metal canisters of various sizes. Figure 5-26 illustrates the typical method 
that LANL currently employs of removing tape from a canister. This device will aid in 
the organization and standardization of hazardous materials that LANL has had stored in 
canisters over the last seven decades and will increase the safety of technicians working 
in gloveboxes.  
 
 
Figure 5-26. Manually Sealing Canister 
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LANL imposed a requirement that no exposed sharp objects, such as blades, 
scissors, or scalpels, are to be used to remove the tape seals. Prohibiting the use of such 
objects makes it difficult for technicians to pick and peel off the tape seal, especially 
since tape becomes more difficult to remove over time. The relatively old age of the tape, 
combined with the fact that glovebox operators have to wear gloves that greatly reduce 
their strength and dexterity, makes it not only challenging to remove, but also dangerous. 
Operators have typically used mundane tools, like screwdrivers, to scratch the tape off 
canisters. This crude method is dangerous, because an operator could easily puncture his 
or her glove if the screwdriver were to slip, potentially causing the operator to receive an 
acute radiation dose. This poses a major health and safety concern, not only to that 
particular technician, but to the other workers in the vicinity as well. 
The undergraduate design team came up with a modular device (shown in Figure 
5-27) featuring a rotating turntable, which rotates the canister while it is in contact with a 
tape removal device. The tape removal device is mounted on an adjustable railing system. 
A rotating wire bristle-brush that, when spun at high speeds, shreds the tape into small 
pieces. These small pieces are then removed from the device using a small vacuum pump. 
The modular design of the device allows it to perform additional tasks by designing new 
modules. Modules could be designed in the future to add tape to the canister, add labels 
to the canister, or perform other tasks. 
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Figure 5-27. Canister Tape Removal Design 
 This tape removal device can be operated by the PDM system or by human 
operators. When a robotic manipulator interacts with this device, the device itself will 
remain inside of the glovebox, and canisters will be picked up and placed on the device 
by the manipulator. If a malfunction occurs, the device can still be operated by human 
interaction in the way of the traditional gloveports. 
5.4.3. Plutonium Slump Casting Furnace 
Glovebox automation has been evaluated for a Pu slump casting furnace in the Pit 
Integrated Technologies (MET-2) group at LANL. At MET-2, one induction heating 
furnace, located in a glovebox as shown in Figure 5-28, is used to melt and slump cast 
239
Pu metal in order to declassify it (change 
239
Pu metal to a different shape and then to a 
different alloy). In the induction heating process, a high frequency current is induced into 
the part by an induction coil. Due to the high reactivity of molten plutonium with oxygen, 
casting is conducted in a vacuum environment. 
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Figure 5-28. Plutonium Induction Heating at MET-2 
An overview of the Pu slump casting process is shown in Figure 5-29. It is apparent from 
Figure 5-29 that the ultimate goal of this project is to convert weapons-grade plutonium 
into MOX fuel, which can then be used in nuclear reactors for electricity production. The 
current casting furnace design was evaluated and a remote handling system was 
developed that limits dose and ergonomic injuries when handling Pu metal. The most 
significant amount of radiation in this glovebox project comes from alpha-emitting 
241
Am, which is a beta-decay product of 
241
Pu. The measured dose rate for the plutonium 
metal used in this project is 1 rem/hour at contact, due to the age of the metal and 
accumulated decay (daughter) products. This dose level is high enough to does workers 
out in a few days according to standards placed by DOE [2003]. Furthermore, ergonomic 
injuries to glovebox operators occur because of the limited dexterity and reach. 
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Figure 5-29. Overview of Pu Slump Casting Process: From 
239
Pu to Production of 
Electricity 
Task analysis of glovebox processing was performed in order to determine which 
automated design alternatives, including the use of fixed automation, flexible automation, 
and/or tele-operation, achieve the greatest radiation dose reduction as well as to reduce 
ergonomic injuries. These remote handling techniques were also evaluated for their 
capability to execute certain tasks in the process. A hybrid solution that incorporated both 
fixed and flexible automation (see Figure 5-30) was designed. A single Motoman SIA5D 
manipulator with a Robotiq gripper installed through a gloveport was designed to 
perform the pick-an-place tasks of the operation. For the fixed automation, a camoLINE 
Cartesian Motion building system from Bosch Rexroth was designed to perform tasks 
that required a payload greater than that of the SIA5D manipulator. 
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Figure 5-30. Fixed and Flexible Remote Handling System Design for Pu Slump Casting 
Furnace 
5.4.3.1. Task Analysis 
A task analysis of the design options for the Pu slump casting furnace was 
performed. Table 5-3 shows the results of this analysis. 
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Table 5-3. Pu Slump Casting Design Options11 
Task Manual Tele-operation Fixed Flexible Notes 
Open the lower lid 
(hinge) 
0 - + - Have lid on a hinge; 
opened to a 90° angle; 
non-linear motion 
involved 
Assemble the mold - + 0 + Pick-and-place task; 
possible weight 
limitations however 
Place mold assembly 
into carrier (20 in 
below glovebox) 
- 0 + - Pick-and-place; linear 
motions only 
Close the lower lid 0 0 + - Non-linear motion 
involved 
Pull mold position 
actuator  2 in up 
0 0 + - Either hold it up 
manually or lock it 
during process; linear 
motions only 
After processing, drop 
mold position actuator 
back down 2 in 
0 0 + - Need switch to signal 
end of process; linear 
motions only 
Open the lower lid 0 - + - Opened to a 90
o
 
angle; non-linear 
motion involved 
Lift up and remove 
mold assembly 
- 0 + - Pick-and-place; linear 
motions only 
Disassemble the mold - + 0 + Pick-and-place task; 
possible weight 
limitations however 
 This analysis shows that the implementation of a manipulator such as the 7 DOF 
Motoman SIA5D (flexible automation) to assemble/disassemble the mold and the 
camoLINE system (fixed automation) to handle heavier components in the plutonium 
slump casting furnace would greatly reduce operator dose received. A dual-arm system, 
such as the testbed shown in Figure 5-4 and Figure 5-5, would be able to lift heavier 
loads than a single manipulator since both manipulators could simultaneously lift an 
object. Also, a dual-arm system would help optimize the slump casting process, since 
multiple tasks could be performed simultaneously. 
                                                 
11(+,-,0) → potentially positive, negative, and no impact respectively 
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5.5. CHAPTER SUMMARY 
This chapter presented relevant demonstrations of the PDM system, including 
collision detection demonstrations, vision-based and F/T calibration demonstrations, and 
deployment and extraction procedures. Relevant DOE application areas, in which the 
dual-arm PDM system presented could be implemented for, are also addressed. Table 5-4 
contains all the requirements addressed earlier in Table 1-3 cross-referenced with the 
hardware tasks completed. If the requirement is covered by someone else, a reference is 
listed. 
 
Table 5-4. Summary of Requirements for PDM Deployment: Hardware Tasks Completed 
Requirements Addressed 
Sleeve design and implementation Discussed in Report/Future Work 
Deployment and extraction 
procedures 
Hardware (Section 5.3.5) 
Workspace analysis and 
simulation 
Simulated Glovebox Environment 
Peripheral integration Hardware Demonstrations 
PDM calibration Hardware (Section 5.3.2) 
Collision detection Hardware (Section 5.3.1) 
Failure recovery Lewis and Maciejewski [1994], Pararinsky-
Robson and McCarthy [2009] 
Safety requirements Discussed in Report 
Human-robotic interaction 
protocols 
[Haddadin, 2009], [Ogorodnikova, 2010] 
Long-term radiation exposure 
analysis 
Future Work 
Operational testing and 
preparation 
Hardware Demonstrations/Future Work 
Cable feedthroughs to get wires 
into glovebox 
Future Work 
Reduction of radiation dose to 
PDM 
Future Work 
Motion planning Hardware Demonstrations (Pick-and-Place), 
[Rajan, 2001], [March, 2004] 
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Chapter Six:  Conclusions and Future Work 
A dual-arm PDM has been developed in collaboration with LANL for nuclear 
materials handling inside gloveboxes. It is designed to be deployed through gloveports in 
existing gloveboxes for processes that typically involve unstructured pick-and-place or 
contact tasks. The objective and purpose of integrating a PDM is discussed in order to 
highlight the results of this research.  
6.1. REVIEW OF RESEARCH OBJECTIVES 
Our objective is to integrate flexible, intelligent automation into glovebox ports 
for nuclear material handling. By developing and demonstrating intelligent, flexible 
automation, the burden on both the process designer and eventual system operator is 
reduced. Deploying automation that is 100% compatible with direct operator intervention 
ensures both robust operation and task compatibility. A main challenge is limiting worker 
dose via process design that includes automation capable of safely interacting with 
human operators. In order to successfully integrate an intelligent PDM, technologies from 
several distinct but related research areas must be integrated: 
 Vision sensors must detect and maintain an accurate representation of the 
environment. 
 Calibration techniques to ensure safety and accuracy of task execution and 
performance. 
 Grasping strategies must support a reduction in operator burden with increases in 
autonomy while maintaining system reliability. Grasp planning algorithms must 
be used to plan manipulator and EEF configurations throughout the task. 
 A robotic stand that allows for simple PDM deployment the PDM.  
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The operational framework of the IRAD system includes multiple redundancies for 
safety, which are outlined in Table 6-1. 
Table 6-1. IRAD System Operational Safety Framework 
Level Description System Response 
1 
Model-based Obstacle Avoidance – 
CAD and vision-based models are 
maintained to identify potential 
obstacles for a given task 
Autonomously update the task 
plan or reduce the level of 
autonomy. Task still completed. 
2 
Model-based Collision Detection – 
CAD and vision-based models are 
maintained and system motion is halted 
any time a collision is deemed imminent 
Autonomy level is reduced and 
the operator is given the 
opportunity to direct corrective 
action. Task still completed. 
3 
Robot real-time contact model – A 
separate real-time application thread or 
application process continuously 
monitors and compares F/T sensor data 
to that predicted by the computer model 
described above. 
System first reverses the motion 
of the robot in an attempt to 
extricate itself from the collision. 
Once completed, the system 
comes to a halt and waits for 
operator instruction. 
4 
External real-time contact model – 
These are safety devices external to the 
robot controller connected directly to 
the e-stop including the light curtain 
protecting the view port and the sleeve 
collision monitoring system. 12 
These systems are connected 
directly to the e-stop, which 
applies the brakes and brings the 
system to an immediate halt. Note 
both the exemplary devices will 
detect a collision before it 
actually occurs so recovery is 
straightforward. 
5 
Existing safety features of industrial 
manipulators – At the PLC level, 
virtually all industrial manipulators will 
monitor motor currents and other system 
parameters for abnormal behavior. 
High motor currents would be 
indicative of a collision and 
trigger a low level system wide 
emergency stop. The operator 
may be required to manually 
release the brakes to reconfigure 
the system. 
 
                                                 
12 To detect unwanted contact between the sleeve and the glovebox, a system where a conductive sleeve is 
used and the glovebox is monitored for electrical signals indicative of a collision has been prototyped. 
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6.2. CONCLUSIONS 
This report presents NRG development and implementation of a flexible, 
intelligent automated PDM: an anthropomorphic, dual-arm system deployed to complete 
tasks using standard gloveports. Figure 6-1 shows U.T. Austin’s Industrial 
Reconfigurable Anthropomorphic Dual-Arm (IRAD) System unsleeved but deployed in a 
typical glovebox, performing pick-and-place tasks using a collision model of the 
glovebox. The IRAD system has been tested in both joint and EEF control modes with 
collision-detection enabled. The inclusion of dexterous grippers allows the system to 
maintain flexibility for a variety of tasks while the generation of valid grasping sets 
allows ease of use. 
 
 
Figure 6-1. IRAD System inside the Glovebox 
6.2.1. Capabilities of PDM Relative to LANL’s Current Systems 
Compared to previous efforts to implement robots in gloveboxes, such as ARIES, 
the IRAD system has broader capabilities. [Turner, 2008] Most automation within the 
DOE complex either rely on pure tele-operation or more traditional factory floor 
automation approaches, thus residing at fixed extrema of the autonomy spectrum 
introduced in [O’Neil, 2010]. Pure tele-operation control is typically very inefficient 
(though necessary to reduce exposure) and can significantly slow task completion in 
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situations where speed may be critical or production economics demand higher 
throughput. More traditional factory floor automation is typically implemented for a 
single process. In order to implement factory floor or hard automation, one needs a 
detailed description of the system and tasks performed within that system. One cannot 
just put hard automation in an unknown environment and expect it to perform any desired 
task. The IRAD system delivers the efficiencies of hard automation (but for generalized 
tasks) and the flexibility of tele-operation systems (but with additional autonomy for 
improved efficiencies). 
The key advantage of a PDM system is that operator dosage via replacement or 
augmentation is reduced. It minimizes hands-on processing within the glovebox and 
minimizes worker radiation exposure. This approach uses a sleeved, port-deployed 
robotic system with commercially available, proven hardware components controlled 
using a high-bandwidth controller for real-time collision detection and precise force 
control. High bandwidth control effectively decouples the high-level operator interface 
from the system motion controller to allow for additional safety layers that continually 
monitor for collisions (bot model-based and real-time), unexpected applied forces, and 
respond to sensor and user-triggered events. A high-level control framework (“retrieve 
crucible from oven,” “assemble component”, etc.) maximizes the system’s ability to 
reduce the operator’s burden while still allowing the operator to control the system with 
low-level directives (joint motions, tele-operation, etc.) when (or if) necessary. Since the 
robot is port-deployed, the system can also be removed from the port to allow an operator 
to complete the task if necessary as a fallback option. A common testbed for integrating 
and preserving the results of research efforts has thus been developed through the IRAD 
system.   
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6.2.2. Technology Readiness Levels 
For the IRAD system to be implemented in DOE facilities, the system and 
technologies need to be proven to work in the expected operating conditions (Technology 
Readiness Level (TRL) 8). The TRLs (summarized in Table 6-2) were created by NASA 
and adopted by the Army to indicate the degree of maturity of a technology and its 
readiness for use in production [Mankins, 1995]. They are used here to analyze the 
development of the IRAD system and illustrate the advancements due to this effort as 
well as better understand what needs to be done for the system to be deployed at DOE 
facilities. 
Table 6-2. Technology Readiness Levels Summary [Mankins, 1995] 
TRL 
Level 
Description 
1 Basic principles observed and reported 
2 Technology concept and/or application 
formulated 
3 Analytical and experimental critical function 
and/or characteristic proof-of concept 
4 Component and/or breadboard validation in 
laboratory environment 
5 Component and/or breadboard validation in 
relevant environment 
6 System/subsystem model or prototype 
demonstration in a relevant environment 
7 System prototype demonstration in an 
operational environment 
8 Actual system completed and qualified 
through test and demonstration 
9 Actual system proven through successful 
mission operations 
When the IRAD system components arrived at U.T. Austin, the IRAD system was 
in the concept phase (approximately TRL 2). The components were there, but the 
supporting software needed to be integrated to produce a functional system as 
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conceptualized in preliminary simulations shown in Chapter Five. The system 
manipulators are commercially available Motoman SIA5D. Thus the central hardware 
components are proven and reliable. 
The complete IRAD system has been advanced from the concept phase (TRL 2) 
to a technology demonstration (TRL 6), although U.T. Austin should work with LANL to 
develop a complete description of relevant demonstrations in order to affirm that TRL 6 
is fully attained. The components of the IRAD system have been integrated and the 
system has been tested in a laboratory environment. The IRAD system has been 
successfully deployed in a standard glovebox and safely completed relevant tasks within 
the glovebox. The following is a list of identified requirements that have been addressed 
throughout this work. 
 Model-based collision detection was tested in both simulation and hardware 
 STL models for collision detection were created for the actual glovebox, material 
reduction micro-punch device, grippers (Robotiq and Barrett Hand), PDMs 
(SIA10D and SIA5D), and other glovebox objects such pits, crucibles, and 
canisters 
 Calibration methodology (vision-based) was tested in both simulation and 
hardware 
 Vision system was integrated on “cold” side of glovebox 
 Potential sleeve designs were considered  
 Experiments were performed to test photon attenuation/shielding properties of 
potential non-leaded and leaded sleeves 
 Multiple grippers, including the Barrett Hand and Robotiq, were integrated into 
software 
 Potential application areas for the IRAD system were addressed 
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 Motion planning for pick-and-place tasks was implemented  
 IRAD system deployment and extraction procedures 
 F/T sensors were implemented for real-time motion modification and detection of 
F/T limits  
 Light curtains were implemented for an extra safety mechanism 
 Safeguards such as mechanical hard stops to physically limit range of PDM 
motion, motor over-current protection, and joint brakes for power loss are 
included 
 Control software contains fail-safes to complement and supplement mechanical 
and electrical safety measures 
In order for the IRAD system to be deployed at DOE facilities, the technology 
readiness level of the system would ideally be a TRL 8: “The system has to be proven to 
work in its final form under expected operating conditions.” The following section 
addresses work that needs to be completed in order for the IRAD system to reach a TRL 
8. 
6.3. FUTURE WORK 
This report has addressed automation solutions that are both flexible and 
compatible with existing domestic facilities currently processing and handling nuclear 
material. Flexibility of the IRAD system allows capabilities to be implemented 
incrementally. This section will discuss future work relating to the IRAD testbed and 
analysis of glovebox operations. The IRAD system has the potential to have functionality 
added in the long-term. 
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6.3.1. Future IRAD Testbed Work 
In addition to the controller safety, model-based collision detection, and sensor-
based collision detection, NRG has proposed a 4
th
 layer of collision detection that is 
external to the robot controller. This external collision detection layer will monitor 
operating systems for collisions and/or contact commands from a human operator. An 
example application in this area could potentially be collision and contact command 
recognition external to the robot controller. 
Robotic safety is increasingly important as robots move into close quarters with 
people. Therefore, having the IRAD system safely cooperating with glovebox operators 
(i.e. not harming the operator, working in a space that has been used by an operator, and 
ideally, working alongside the operator) is an important requirement that must be 
implemented in the future in order to meet DOE requirements. Future work in this area 
could include working on aspects that try to predict (instead of merely model) human 
operator behaviors. Even though the glovebox environment will be relatively well 
understood, there will still be a significant amount of uncertainty and collisions can have 
disastrous effects. Operators may perform actions expected for a given task or behave in 
unpredictable ways that can (and should impact) the level of autonomy allowed by the 
robotic system. By integrating human operator predictive capability into the system 
model, an appropriate level of autonomy can be determined. An example human-robot 
interaction would be the human passing an object to a PDM, which the PDM 
subsequently grasps. The human would then use F/T control to move (lift-assist) the 
PDM to a desired location. Operators can also observe the IRAD system’s motor currents 
at sufficiently high bandwidths to evaluate compliant control techniques or, at the very 
least, monitor threshold torque values in an additional safety loop. Compliant behavior of 
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a manipulator leads to a more natural physical interaction and reduces the risks of 
damages in unwanted collisions. 
Extensive work in dual-arm force control previously done at U.T. Austin will be 
adapted for the IRAD system, integrated with sensor-based collision detection, and 
extended for use in confined environments, such as a glovebox. An example application 
in this area could potentially be dual-arm cooperative force control integration with 
sensor-based collision detection algorithms. 
After further analysis and testing of the current IRAD system is performed, the 
requirements of the system have to be reexamined since the economics of the problem 
will most likely change. Exploring possible solutions to automate deployment of the 
IRAD system is one example of future analysis.  
Radiation damage to the electrical and mechanical components of the IRAD 
system needs to be explored further. For example, electronic encoders at the joints may 
degrade more quickly in the presence of ionizing radiation. Most of the gamma-rays from 
238
Pu are of relatively low energy (compared to expected energies of spent fuel radiation), 
so it may not have a great effect on electronics and other components. A sleeve for the 
PDM will help minimize radiation damage to the PDM. 
Although the Kinect’s accuracy does not significantly degrade when looking 
through relatively clean leaded-glass windows, tests need to be performed on windows 
that have accumulated residue or dirt that may hamper the Kinect’s performance. Since 
tasks, such as machining, are performed in the glovebox that may produce residue or 
plutonium dust, it is likely that the Kinect will not always be looking through a “clear” 
glass window. Preferably the level of residue that can accumulate on the glovebox 
windows while still allowing the Kinect to accurately visualize the glovebox environment 
needs to be quantified. 
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6.3.2. Further Analysis of Glovebox Processes 
An accurate characterization/description of the radiation field would allow one to 
quantify the level of reduction in dose provided by shielding, reduced manual processing, 
and automation. This could be obtained by modeling a typical glovebox in a numerical 
simulator such as the Monte Carlo Neutral Particle (MCNP) package. MCNP can 
quantify the level of reduction in dose by performing theoretical calculations of photon 
and neutron doses. With such a description, it would be possible to evaluate the exposure 
reduction over the course of a typical duty cycle for a PDM.  
Given the average amount of dose received for each glovebox process, one could 
compare that value to the dose received after implementing automation and come up with 
a dose reduced percentage. An analysis of dollars per rem avoided would be a beneficial 
supplement to this research.  
A map of the radiation conditions and even a thermal map of the glovebox 
environment could be obtained by mounting a dosimeter and thermal imager respectively 
on the EEF of a PDM. This would be a relatively simple task for the PDM to perform, 
since non-contact tasks are easily implemented and completed by manipulators. The 
temperature of certain items within a glovebox, such as a crucible, could be determined 
by attaching a thermocouple to the PDM’s EEF. Virtual obstacle (both radiation and heat) 
recognition and path planning, which could be implemented in the PDM system to avoid 
radiation and heat damage to the manipulators, has already been partially completed here 
at U.T. Austin by O’Neil [2012]. 
Finally, as the system matures both in terms of its technical readiness and its 
autonomous capabilities, researchers will need to empirically quantify not only dosage 
reduction, but the overall efficiency and performance benefits for the system. This would 
include dosage, process completion times, process reliability, process flexibility, 
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increased security, injury reduction, and, of course, cost. However, the PDM system and 
research, and software contributions provide the capabilities to answer these questions for 
a variety of glovebox applications. 
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